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More than 18 percent (472 thousand acres) of the com­
mercial forest area in Iowa is in nonstocked stands (Morgan 
and Compton 1956). These stands contain so little timber 
that they are not grouped in any acceptable saw timber, pole 
timber, or seedling and sapling classification. The high 
density of undesirable shrubs and noncommercial tree species 
which invade these understocked areas precludes their use in 
timber production until stand conversion measures are taken. 
The inferior shrubs and tree species must be replaced through 
a combination of overstory-understory canopy removal and 
underplanting practices. 
A thorough understanding of forest tree seedling es­
tablishment is the primary requisite for a successful stand 
conversion program. The present study was designed to aid 
in the analysis of seedling establishment problems common 
to stand conversion practices in the State. The primary 
objectives were to: 
1. Determine the minimum treatment needed to insure 
successful survival and growth. 
2. Study the relationships of light and soil moisture 
in plant competition through: 
a. Field tests of survival and growth. 
b. Controlled tests of survival, growth and 
photosynthesis. 
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3» Evaluate five species of conifers to determine 
their adaptability to region, site and under-
planting. 
Field studies were made at the Brayton Forest in north­
eastern Iowa, and consisted of (1) practical understory 
treatments to increase survival of five underplanted conifers, 
and (2) a more complete evaluation of overstory and understory 
competition with such plantings. Studies at the State Forest 
Nursery near Ames were planned to determine the growth and 
photosynthetic characteristics of three of the underplanted 
conifers and two shrubby, hardwood species which offer serious 
understory competition in the forest. 
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REVIEW (F LITERATURE 
Since the first writings of Heyer (1852) on the rela­
tive importance of light and soil moisture on establishment 
of forest reproduction, the investigations related to this 
problem have been both numerous and controversial. Most 
of the early methods of securing adequate reproduction and 
a high growth rate were based on the work of Heyer. The 
presence or absence of reproduction was attributed invari­
ably to light. Many foresters thought that the ability of 
some tree species to survive under the shade of others was 
principally a matter of efficiency of plant functioning 
under low light intensities. Others attributed the differ­
ences among species to variation in responses related to 
light quality as modified by transmission through the 
canopy. 
In the early 1900's, several research foresters sug­
gested that too much emphasis had been placed on light at 
the expense of other environmental factors. Some of the 
conclusions from the early investigations were questioned 
because of the inadequacy of the photometers used and of 
the methods by which the minimum light requirement was deter­
mined. The objections were best described by Grasovsky 
(1929, p. 23). 
"1. The amount of light to which a plant is 
exposed is not an index to the amount it uses. 
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2. There are many factors other than light 
which affect the survival of plants in a 
given habitat and which must be considered. 
3. Light is not the only factor causing the 
death of the lower limbs of trees in stands 
where measurements of the minimum light 
requirements were taken." 
The trenching experiments by Pricke (1904) and Tourney 
(1929) gave impetus to studies of soil moisture. The in­
crease in soil moisture under conifers through trenching 
was associated with changes in the vegetation of the forest 
floor, changes previously associated with increased illumi­
nation. Other experimenters obtained similar results 
(Aaltonen 1926, Biswell 1935, Coile 1940, Craib 1929, 
Daubenmire 1930, Grasovsky 1929, Korstian and Coile 1938, 
Tourney and Kienholz 1931, Tourney and Korstian 1946)• How­
ever, the inference that light intensity was usually sub­
ordinate to soil moisture in the establishment and growth 
of forest tree reproduction was challenged by several in­
vestigators (Gordon and Bue11 1945, Lutz 1945, Olmstead 
1941» Pearson 1930, Shirley 1945) • Some early, and many 
contemporary studies, concerning the effect of light and 
soil moisture on photosynthesis, survival and growth of 
tree seedlings emphasize the importance and interdependence 
of both factors (Baker 1934» Bates 1925, Bates and Roeser 
1928, Bourdeau 1954» Burns 1923, Chapman 1945, Decker 1954, 
Fabricius 1927, Kozlowski 1949, Kramer 1957, Kramer and 
Clark 1947, Kramer and Decker 1944, Costing and Kramer 
1946). 
Survival and Growth 
Soil moisture as a controlling factor 
From the results of several trenching experiments, 
Fricke (1904) concluded that the lack of vegetation under 
a forest was due primarily to root competition for soil 
moisture. He indicated that augmented growth following a 
thinning was not so much a result of greater light intensi­
ties but rather the increased available soil moisture. In 
a 70 to 100-year-old stand of white fir, an abundance of 
both herbaceous and woody plants was obtained on trenched 
quadrats during the first summer. In direct contrast, 
there was little vegetation on the untrenched plots. The 
intensity and quality of light which reached the forest 
floor remained unaltered. Excellent germination and growth 
of hand-sown red oak, beech, fir and Scotch pine seeds were 
obtained on undisturbed, trenched quadrats constructed in 
a 100-year-old stand of Scotch pine. Conversely, poor 
germination followed by a low survival was obtained on the 
untrenched plots. The height growth of oak seedlings which 
survived was approximately 20 percent of that of similar 
seedlings on trenched plots. Bulk density samples were ob­
tained from the trenched and untrenched quadrats during the 
four driest months of the year. In each test the trenched 
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plots had considerably more moisture than the untrenched 
areas. 
At the Yale Demonstration Forest, Craib (1929) compared 
forest and open-field soils as to moisture availability, 
water holding capacity, organic content and the effect of 
soil composition on moisture capacity and rate of absorption 
of water. Field soils contained considerably more moisture 
during a dry period than the forest soils. This difference 
was greatest in the upper soil layers and became progressive­
ly less with increased depth. During the driest periods of 
the year, more than twice the actual volume of moisture in 
the first 90 cm of soil was available to plants in the field 
compared to those in the forest. However, the maximum 
volume of available moisture held by a forest soil was 5 
percent greater than that held by the field soil. 
In a plant competition study conducted in the same area, 
Craib discovered that the amount of available soil moisture 
was greatly increased by the elimination of root competition. 
There was two to nine times more moisture available to 
plants in the first 6 inches of soil in trenched plots. 
During July, August and September soil moisture sometimes 
fell below the wilting percentage on the untrenched plots. 
Craib suggested that these moisture differences accounted 
for the lack of survival of reproduction beneath dense 
forest canopies. During the spring and late autumn when 
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soil moisture was abundant, the trenching exerted relatively 
little influence on the amount of available soil moisture. 
Grasovsky (1929) concluded that the intensity and 
quality of the light reaching the forest floor were not the 
determining factors in accounting for the presence or ab­
sence of reproduction in the fully-stocked stands of the 
Yale Demonstration Forest. White pine, red pine, hemlock, 
red oak and chestnut oak survived for 10 months under a 
light intensity that was not over 300 fc (foot candles) at 
any time. Only a moderate increase over the minimum in­
tensity requirement of these species was necessary for some 
growth. Beyond this point, the increase in growth was not 
proportional to augmented light intensities. For white 
pine seedlings, approximately 170 fc was necessary to main­
tain a respiration-photosynthesis coefficient of one. An 
additional 70 fc appeared ample to maintain growth. All 
species investigated lived and grew under light from all 
parts of the visible spectrum as long as intensity was ade­
quate. In all areas studied the light intensity under the 
forest canopies was in excess of the minimum light require­
ments of the species tested. 
Toumey (1929) and Tourney and Kienholz (1931) concluded 
that the presence or absence of surface vegetation under 
forest canopies was due to a complex of factors of which 
light was only one. In many instances soil moisture ap­
peared to be more important than light in preventing the 
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establishment of surface vegetation. Hemlock and white 
pine exhibited different relative growth rates when grown 
on trenched plots under forest canopies than when grown in 
the open. Hemlock made more rapid growth under natural 
canopies, while white pine did better in the open. Such a 
relationship indicates a difference in the light required 
for growth. A distinct plant succession was observed on 
the trenched plots from 1922 to 1930. The principal vege-
tational changes were an increase in abundance and density 
of individuals and of numbers of species, a gradual change 
from a complete cover of herbaceous vegetation to an in­
creasing dominance of woody vegetation, a gradual intro­
duction of more me sic species and a complete disappearance 
of lesser species, originally important. Conversely, the 
size and number of individuals had changed little on un­
trenched plots from 1922 to 1930. Most of the plants were 
small and unthrifty. Plant measurements on untrenched plots 
showed vegetation density to be one-tenth and hemlock height 
one-fifteenth of that on trenched plots. 
Korstian and Coile (1938) concluded that competition 
for soil moisture was a highly significant factor in the 
growth, reproduction and development of forests in the Pied­
mont Plateau. From their trenching experiments, they con­
cluded that light was not nearly as important a factor in 
plant competition under forest canopies as was available 
soil moisture. Light intensities on paired trenched and 
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untrenched plots were shown to be unrelated to changes in 
vegetation due to trenching. Soil of the trenched plots 
contained significantly greater moisture than that of the 
control plots during periods of moisture stress. No sig­
nificant differences were found in the soil fertility levels 
of the trenched and untrenched plots. In general, the 
vegetation developing on the trenched plots was more mesic 
than the original vegetation and the vegetation on the 
paired untrenched plots, with increased numbers of indi­
viduals and species, and improved general luxuriance of 
vegetation. Establishment and growth of tree reproduction 
was especially augmented. 
Coile ( 19l|.0) suggested that the differences in the 
rooting habits of loblolly pine and of oak and hickory seed­
lings accounted for the loss of dominance of the conifer to 
the hardwoods. The original tap root form of oak and hickory 
seedlings favors penetration below the surface zone of high 
tree root concentration where competition is intense during 
periods of moisture stress. Conversely, the superficial 
root system of loblolly pine seedlings fails to penetrate 
below this zone. As a result, loblolly pine seedlings 
failed and hardwood seedlings succeeded in competition with 
established forest vegetation for soil moisture and nutrients. 
The general vigor and length of root systems of one-year-old 
loblolly pine seedlings were greatly influenced by compe­
tition with established forest vegetation. The root systems 
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of natural loblolly seedlings competing with old field 
vegetation were relatively well-developed, while those of 
seedlings competing with forest vegetation were superficial. 
Light as a controlling factor 
Moore (1926) investigated the influence of shade under 
forest canopies and of light in small openings on the germi­
nation and survival of red spruce, white pine, red pine and 
white spruce. Additionally, the effect of artificially 
applied water in mitigating the influence of shade was deter­
mined. Germination of red and white pine seeds was slightly 
better in the openings than under the forest, but there was 
no difference in the germination of white and red spruce. 
Survival of all species was very poor in the shade. In all 
species, subsequent growth was greater in the openings. The 
addition of moisture to the shaded plots failed to counter­
act the effects of lower light intensities. Growth of sur­
viving seedlings in the openings was many times that of the 
seedlings in the shade, in spite of ample moisture. 
Pearson (1929, 1930) pointed out that most of the ex­
periments minimizing the importance of light had not dealt 
with the rates of photosynthesis and growth. He stated that 
Bates and Roeser (1928) and Grasovsky (1929) merely showed 
from experiments conducted under favorable temperatures that 
photosynthesis occurred at low light intensities without 
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considering whether there was sufficient photosynthesis to 
promote effective growth. 
He indicated further that findings in the Southwest 
did not support the conclusion that soil moisture is the 
main influence on stand regeneration. In the Southwest 
where moisture is so critical, temperature was as much a 
limiting factor as moisture. Drought, resulting from root 
competition was important under some conditions, but compe­
tition of herbaceous vegetation was more critical than that 
of tree roots. In spite of this, pine seedlings became es­
tablished in open grassy situations and not under groups of 
trees. In the lower, warmer zones of the ponderosa pine 
area, shade was less detrimental to seedling establishment 
than root competition; in the higher, colder zones this re­
lation was reversed. Shade was more harmful where the trees 
were in groups than where they were evenly distributed. 
Root competition was more serious on soils which favored a 
rank growth of grass than on less fertile soils. In lo­
calities where trees tended to occur in groups and where 
grasses were aggressive, the importance of shade or root 
competition in the establishment of forest tree seedlings 
varied according to the direction and distance from the tree 
groups. On the south side of the tree groups, root compe­
tition was controlling, its influence augmented by decreased 
rainfall resulting from crown interception and high tempera­
tures. Under the trees and 30 to I4.0 feet to the north, 
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shade was the most Important limiting factor. Beyond this 
zone,where tree roots were still abundant, herbaceous vege­
tation dense, and evaporation high, root competition assumed 
the leading role. 
In experiments conducted at New Haven and Yonkers, 
Shirley (1929a, 1929b) concluded that light intensity under 
continuous forest canopies was almost always so low as to 
decrease seriously the rate of growth of shaded vegetation, 
and was often too low for survival. Light intensities as 
low as 1 percent of full sunlight supported growth tempo­
rarily but, because of poor root development, failure to 
harden tissues and inability to produce a food reserve, were 
too low to insure survival. Prom these observations, Shirley 
concluded that adequate light for reproduction would be ob­
tained only when the light intensity was as high as 30 per­
cent of full sunlight for two hours or more and did not fall 
below 5> percent during the rest of the day. Red, white and 
chestnut oaks, loblolly pine and redwood survived from three 
to six months when they received as much as 1 percent of full 
sunlight. However, none made appreciable dry weight gains 
at this light intensity. The dry matter increase of these 
species was almost directly proportional to the light in­
tensity received, up to 20 percent of full sunlight. At 
higher intensities the slope of the curve fell off, shade 
plants showing a decrease at lower intensities than sun 
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plants. Most species studied produced maximum dry matter 
in full sunlight. 
In an analysis of the effects of light quality changes 
upon plant growth, Shirley found that plants grew better 
without the red region of the spectrum than without the blue 
region. The complete solar spectrum was more efficient for 
growth than any portion of it. However, changes caused by 
the light passing through the leaf canopy did not reduce 
appreciably the relative efficiency of the light for plant 
growth. 
Observations on the effect of low light intensities on 
oak revealed that development was delayed in 2 percent of 
full sunlight. Consequently, shaded plants failed to harden 
off as rapidly as those grown under high intensities. The 
root development of the species tested was always poor under 
low light intensities. With redwood, the ratio of root to 
top was almost three times as high under 100 percent light 
intensity as under 20 percent. The percentage of dry matter 
in tops, the ratio of the dry weight of roots to the dry 
weight of shoots, the density of growth, the strength of 
stem and the leaf thickness increased with increasing light 
intensity for all species studied. Leaf area and plant 
height reached maxima at light intensities of about 20 per­
cent of full sunlight. The time of maximum flowering and 
fruiting was delayed considerably by low light intensities. 
Fruiting did not occur at all in plants exposed to intensities 
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below 8 percent of full sunlight. Shirley concluded that 
moderate variations in soil moisture were not likely to 
cause significant changes in the dry weight produced by 
plants, provided the moisture content was not so low that 
it approached the wilting coefficient, or so high that it 
approached saturation. 
In a later paper, Shirley (1932) observed that the 
light intensities commonly prevailing in virgin stands of 
Norway pine were not too low for reproduction establishment. 
However, hazelnut and other understory shrubs which reduced 
the light to less than 5 percent intensity effectively ex­
cluded coniferous seedlings. Under the virgin pine stands, 
a light intensity of 35 percent was satisfactory for the 
establishment of Norway pine seedlings. Light values below 
17 percent gave uncertain results. Increase in light in­
tensity up to that of full sunlight effected a continued in­
crease in the number of trees per acre. The variation in 
the light intensity at which different species reached 
maximum height growth helped to substantiate the forester's 
concept of tolerance. For example, jack pine, classed as 
shade intolerant, showed maximum growth at 75 percent of 
full sunlight while white pine, classed as intermediate, 
attained maximum height growth at about 36 percent. 
In a reappraisal of one of the trenched plots studied 
by Tourney (1929), Lutz (1945) questioned the validity of 
the importance placed on moisture in its effect on vegetation 
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changes. Herbaceous vegetation changed remarkably In both 
species composition and density from 1930 to 1943» The 
density of the ground cover decreased from 48*4 percent in 
1930 to 3.4 percent in 1943, while the total vegetation 
density increased from 80 to 100 percent. In 1930, there 
were 19 species and 1,830 individuals as compared to 9 
species and 162 individuals in 1943. By 1943, most of the 
herbaceous plants were found near the outside of the plot, 
particularly along the southeast edge where light conditions 
were most favorable. In the central part of the plot, her­
baceous vegetation was very scanty. In 1930, there were 26 
white pines on the plot, 21 with a height of 3 or more inches 
and 7 over 18 inches. Ten hemlocks, 20 inches or more in 
height, were also found on the plot. In 1943, all the hem­
locks were still alive, and one new seedling had appeared. 
Their average height was 100 inches. Conversely, there were 
no white pines on the plot by 1943. Lata pointed out that 
soil moisture and root competition, important as they were, 
did not explain the persistence and growth of hemlock and 
the disappearance of white pine. Root competition within 
the plot increased during these years, but there was no 
reason to believe that the moisture supply was too low for 
pine and sufficient for hemlock. He concluded that radiation 
intensity was too low for the relatively shade intolerant 
white pine but favorable for the shade tolerant hemlock. 
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Prom artificial shading experiments conducted in the 
Cass lake nursery in Minnesota, Shirley ( 1945) found that 
where all other growth factors were favorable, pines re­
quired approximately 20 percent light for satisfactory 
survival and 43 percent for optimum survival* Optimum 
growth of all species tested occurred in light of 43 per­
cent or greater. Survival averaged 98 percent for all 
species in light intensities of 43, 46 and 98 percent. In 
20 and 11 percent light, survival was 90 and 73 percent 
respectively. White spruce survival was higher than red, 
white and jack pine at 11 and 20 percent light intensities. 
The maximum height growth of all species occurred at about 
43 percent light. Maximum dry weight of red pine and white 
spruce occurred in full sunlight and of jack and white pine, 
in 46 and 43 percent light respectively. Stockiness, deter­
mined by the ratio of weight to height, increased with light 
up to about 45 percent intensity. 
Shirley (1945) investigated also the establishment and 
growth of conifers as influenced by shade and root compe­
tition of aspen. Growth of all species increased with a 
decrease in vegetation competition. The species which grew 
most rapidly when freed of all competition were least able 
to grow if competition was intense. In the aspen forest the 
success of coniferous seedling development was controlled 
far more by the competition of the under-vegetation than by 
that of the overstory canopy. Thirteen percent light was 
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Inadequate for survival, and the growth of conifers increased 
with light intensity up to full sunlight. Root competition 
reduced growth regardless of light intensity, but where light 
intensities were below optimum, removal of root competition 
did not compensate for inadequate light. 
An experiment similar to the one in aspen was carried 
out in jack pine (Shirley 1945)• The major conclusions drawn 
from the nursery and aspen investigations were strengthened 
by this study. Growth in height and dry weight increased 
with light intensity up to 52 and 80 percent respectively. 
Germination and survival were improved by a somewhat reduced 
light intensity to a greater extent than in the aspen plots 
because of the drier soil of the jack pine site. Growth 
was reduced 70 percent by the most intensive root competition 
at light intensities of 80 and 52 percent. In 23 percent 
light, root competition reduced growth by only 53 percent. 
Based on growth, light requirements of the four species in­
creased in the following order: white spruce, white pine, 
red and jack pine. The aspen and jack pine experiments 
indicated that plant competition involved more than compe­
tition for moisture. Dense subordinate vegetation was at 
least as serious a source of root competition as the large 
trees. Of the four species studied, the intolerant jack 
pine was most capable of withstanding severe root compe­
tition and soil dryness. It alone was able to respond to 
added light when exposed to severe root competition. 
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In an extensive investigation of natural conifer repro­
duction in relation to light, Shirley (1945) corroborated 
the results from his nursery, jack pine and aspen studies. 
Germination and initial survival were adequate in 20 percent 
light. Growth increased with light intensity up to at least 
45 percent if root competition was absent and up to at least 
80 percent with root competition present. In red pine stands, 
adequate pine reproduction was infrequent where the light 
intensity was less than 15 percent, but common where the in­
tensity was more than 20 percent. Stocking was satisfactory 
in 23 to 30 percent light. Growth increased with increasing 
light up to 60 percent intensity. In jack pine stands, pine 
seedlings were most frequent and abundant in light intensities 
of 11 to 30 percent; height growth was best in intensities 
of 52 percent or higher. Survival during the drought years 
of 1930 to 1936 was low in light intensities of 80 percent 
or more, but equally good in 36 to 52 percent light. The 
absence of intense competition of subordinate vegetation was 
the principle factor determining the success of coniferous 
reproduction in all types of stands. By comparison, shade 
and root competition of overstory trees were secondary. 
Germination and survival of seedlings benefited from over-
story shade if it was not too dense, especially on the drier 
sites. 
Shirley conceded that either shade or root competition 
could be the limiting factor in the growth of young conifers. 
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Under the secondary canopies in aspen stands, shade was 
likely to be the more important; among low shrubs, grasses 
and forbs beneath red and jack pine stands, root competition 
was likely to be more important. Shirley (1945, P» 608) 
concluded: 
"Despite the occurrence of severe droughts during 
the course of the experiments, survival beneath 
aspen, red pine and jack pine canopies was found 
to be dependent more on adequate light intensity 
than on the degree of root competition. The 
ability of the four species to survive in dense 
shade increases in the order : jack pine, red 
pine, white pine and white spruce. This is inde­
pendent of their drought resistance, nutrient 
requirements or relative growth rate in low light 
intensities. Tolerance may be defined as the 
capacity of a species to remain alive for long 
periods in low light intensities and should be 
qualified as shade tolerance. The results re­
ported indicated that linking shade tolerance to 
either moisture or nutrient requirements is un­
necessary and tends to destroy the usefulness of 
the concept." 
Light and soil moisture as interdependent controlling factors 
Burns (1923) stated that light was but one of the 
factors of the habitat and that each forest tree species 
had a specific minimum light requirement referred to a 
definite standard. He indicated that light could cause re­
duced growth or death of the 14 forest tree species studied 
if its intensities were near or below minima established. 
If light intensities were above the minima, the other en­
vironmental factors were to be given careful consideration. 
The minimum light requirement was defined as that point at 
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which the plant maintains a respiration-photosynthesis 
coefficient of one. 
Inasmuch as light intensities of less than 2 or 3 per­
cent are not often encountered under the forest canopy, 
Bates (1925) and Bates and Roeser (1928) concluded that 
seedling survival was generally not limited by inadequate 
light. Light in the forest was not a limiting factor in 
the direct sense but did become indirectly limiting through 
the relative photosynthetic capacities of the various 
species at given light intensities. Of the species tested, 
redwood had the most efficient mechanism for photosynthesis, 
its minimum light requirement being three-quarters of 1 per­
cent. Its original size increased ten times under 10 per­
cent light intensity. Bngelman spruce, Interior Douglas-fir 
and Pacific Douglas-fir were almost as efficient photo-
synthetically as redwood, but needed about twice as much 
light for comparable growth. All pines tested generally 
required three to four times as much light as redwood. No 
seedlings grown in 10 percent light were noticeably abnormal 
in appearance or proportions. 
Fabricius (1927) found seedling development of European 
larch, Scotch pine, Norway spruce, European beech, European 
oak and European silver fir to be better on trenched than 
untrenched plots under the forest canopy. Dry weight incre­
ment was least for the intolerant larch and increased pro­
gressively with species shade tolerance in the following 
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order : pine, spruce, beech and fir. The weight of seed­
lings of all species on half shade plots was greater than 
those on full shade plots. The weight of larch seedlings 
on half and full shade plots was approximately 20 percent 
of the weight of seedlings grown in the open. The differ­
ences in weights between seedlings on half and full shade 
plots decreased with an increase in species tolerance. 
Fabriclus inferred that the greater assimilation efficiency 
of tolerant seedlings under the low light intensities of 
the forest effects a more rapid and extensive development 
of roots than that of intolerant seedlings under the same 
conditions. 
From the experiments of Fricke (1901+.) and Zon and 
Graves (1911), Baker (193k) theorized that a tolerant tree 
has more surplus assimilate to put into root development 
than an intolerant tree, because of its greater photosyn-
thetic activity at low light intensities and its lower 
level of respiratory activity. Consequently it is better 
equipped to compete with other vegetation for soil moisture 
and to escape surface desiccation by evaporation. Baker 
(1934, P» 230) summarized; 
"Tolerant trees appear to have a three-fold 
adaptation to the conditions under which they 
typically develop. 
1. They are more efficient in carrying on 
photosynthesis at low light intensities 
and at low temperatures. 
2. They are apparently more efficient in the 
use of water and nutrients under conditions 
22 
of extreme competition, very likely as a 
direct outcome of 1 above. 
3. By carrying on all life processes at a low 
level of metabolic activity there is less 
wastage of assimilate in unproductive work 
and a greater surplus to be devoted to 
growth of new tissues results." 
In light of Mitscherlich' s law of the minimum, he felt it 
impossible to say that light was more important than root 
competition or vice versa. 
Costing and Kramer (1946) concluded that among the 
numerous factors affecting the establishment of shortleaf 
and loblolly pine seedlings, light was as significantly 
controlling as soil moisture. To insure survival and growth 
of the pines, sufficient light intensities were required to 
produce enough food to develop root systems capable of ab­
sorbing the necessary water. Although rarely established 
within the stand, seedlings of several species of pine often 
became established along the margins of the forests of the 
Piedmont Plateau. Soil moisture samples taken along tran­
sects from open fields, across forest margins and into the 
interior of shortleaf and loblolly pine stands showed that 
available water at the margins was as low as within the 
stands. With the exception of light intensities, subsequent 
measurements indicated no environmental differences between 
the margin and interior of the forest which were likely to 
be significant with respect to pine establishment. light 
intensities were 15.7 percent of full sunlight at the margin 
and 5.1 percent in the interior of the forest stands. 
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Consequently, the more successful establishment of shortleaf 
and loblolly pine at the forest margins was ascribed to 
higher light intensities rather than to more favorable soil 
moisture conditions. In agreement with Kramer and Decker 
(1944)> the authors concluded that intolerant pines required 
full sunlight for maximum photosynthesis and that they de­
veloped more extensive root systems in the open than under 
forest stands. Therefore, the pines at the margins were 
probably able to manufacture more food for the well-developed 
root systems necessary for drought survival. 
Chapman (19l|5) observed that survival and dominance of 
loblolly pine seedlings in competition with hardwood sprouts 
originating after cutting and fires, were assured by their 
more rapid height growth, provided they became established 
within one or two years. If establishment was not attained 
within this time, the overhead shade of low hardwoods was 
fatal to the loblolly pine seedlings. Under high overhead 
shade with partial intermittent sunlight, and in the absence 
of low competitive hardwoods, loblolly pine survived as 
suppressed seedlings and small saplings for one or two 
decades, provided its height growth exceeded 6 inches annual­
ly and severe droughts did not occur. Chapman concluded 
that the greater capacity of the hardwoods to survive under 
shade was due not solely to their greater shade tolerance 
but to their more extensive root systems which enabled them 
to compete successfully with the conifers for soil moisture. 
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Kozlowski (1949) reported greater height growth, dry 
weight of stems and roots, root-shoot ratios, and total dry 
weight for potted overcup oak seedlings than for loblolly 
pine in both sun and shade. The same measurements were 
larger for sun-grown than for shade-grown loblolly pine 
seedlings. The deficient root growth of the shade-grown 
pine resulted in a reduced capacity to absorb water es­
pecially during soil moisture stress. Conversely, the sun-
grown pine absorbed larger quantities of water because of 
its more extensive root development. At high and low light 
intensities, oak exhibited a greater capacity for water ab­
sorption than pine when soil moisture was less than field 
capacity. Since oak attained maximum photosynthetic ac­
tivity at a low light intensity, the effect of reduced 
light on root growth was apparently more profound in pine 
than in oak. 
The glucose equivalents of the reserve foods of roots, 
stems and leaves were higher in overcup oak than in loblolly 
pine seedlings (Kozlowski 1949)• The total amount of re­
serve foods per plant was significantly greater in sun-grown 
than in shade-grown pine. Although there was no difference 
in percentage of carbohydrates in the root samples of the 
sun and shade-grown pine seedlings, the greater dry weight 
of the roots of the entire sun-grown plant accounted for 
the significantly greater reserve food supply. No differ­
ence in the carbohydrate content of the roots of a shade 
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and a aun-grown oak seedling was apparent. The stems and 
leaves of shade-grown pines had a slightly greater carbo­
hydrate percentage than sun-grown pines. However, the total 
carbohydrate content for six sun-grown seedlings was greater 
because the dry weight of foliage and the dry weight of 
stems was more than twice and over three times as great as 
in the shade-grown pines respectively. Apparently most of 
the manufactured food of pines was used in current growth, 
while considerable food was stored in oak. Kozlowski con­
cluded that the stored food in oak was available for growth 
in the following year, regardless of conditions for photo­
synthesis. Conversely, the low level of stored foods in 
pine precluded the possibility of protection against adverse 
environmental factors the subsequent growing season. 
Bourdeau (1954) investigated the causes of the segre­
gation of different species of oak seedlings in the Piedmont 
oak-hickory forests. He concluded that the good-site 
species were eliminated from the poor sites because of in- -
sufficient drought resistance. Although the seedlings were 
able to survive on poor sites for one or more growing sea­
sons, they were eliminated during the first dry summer. 
Poor-site species, in competition with good-site species 
under the canopy of white oak-black oak-red stands, were 
eliminated from the good sites. Their survival was pre­
vented by shade intolerance and slow growth. An analysis 
of the soil revealed significantly less available water in 
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the surface of the poor soils than in the surface of the 
good soils during the dry summer of 195*3• Additionally, 
the dying seedlings of the good-site species showed drought 
symptoms. 
The poor-site species, post and blackjack oak, were 
found to be more drought resistant than the good-site species, 
white, northern red and scarlet oak. The cause of the 
greater drought resistance of post and blackjack oak was 
attributed to the ability of their leaf tissues to withstand 
a greater degree of dehydration. Transpiration rates were 
not significantly different among species, with soil moisture 
ranging from field capacity to wilting percentage, nor under 
high, medium and low evaporation stresses. The osmotic 
pressures of the leaf cell sap were not markedly different 
among species. The root development of the seedlings of the 
more drought resistant species was no better than that of 
the less drought resistant species. However, the leaves of 
the poor-site species regained turgidity when water supply 
was restored, even though their leaf moisture retention, 
with soil at wilting percentage or below, was significantly 
less than that of the good-site species. 
Korstian and Bilan (1957) emphasized the importance of 
both light and soil moisture as vital factors in the growth 
and development of loblolly pine when in competition with 
hardwoods. Differences obtained between height and diameter 
growth of seedlings released from hardwood root and crown 
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competition, from crown competition and from no competition 
were significant. The authors concluded that either de­
ficient soil moisture or inadequate light intensity can be­
come a limiting factor, and the interaction of both usually 
prevents the survival of loblolly pine under such conditions. 
Photosynthesis 
To obtain more specific information regarding the re­
lationship between light, soil moisture and forest tree seed­
ling establishment, many investigators have studied the ef­
fect of these factors on the rate of photosynthesis (Bates 
and Roeser 1928, Bormann 1953 and 1956, Bourdeau 1954» 
Bourdeau and Mergen 1959, Boysen-Jensen 1932, Burns 1923, 
Decker 1944 and 1947, Freeland 1945 and 1952, Hepting 1945» 
Kozlowski 1949 and 1957, Kramer and Clark 1947» Kramer and 
Decker 1944» Parker 1953, Wilson 1948)• Kramer (1957) indi­
cated that a better understanding of the reaction of physio­
logical processes such as photosynthesis to environmental 
conditions was necessary to explain the ecological relations 
of trees. 
Light in relation to photosynthesis 
The problems involved in determining the effect of 
light on photosynthesis were expressed succinctly by Kramer 
(1957, p. 159): 
28 
"Unfortunately, study of the direct effects of 
light on photosynthesis is complicated by the 
fact that in nature increase in light intensity 
usually is accompanied by increase in tempera­
ture and consequently by increase in respiration 
and transpiration. Furthermore, light intensity 
affects stomatal opening, which in turn affects 
the supply of carbon dioxide in the intercellular 
spaces." 
Regardless of these problems, considerable information con­
cerning the relation of light to forest seedling photosynthe­
sis has been obtained through simple, controlled experi­
mentation. Kramer and Decker ( 19lj4) indicated that the 
failure of pine seedlings to become established under forest 
stands resulted from inadequate light for maximum photo­
synthesis. Sufficient food was not manufactured by the pine 
seedlings in the shade to provide the necessary root develop­
ment for adequate water absorption during periods of drought. 
Conversely, hardwood seedlings developed more extensive root 
systems because of their ability to manufacture greater 
amounts of photosynthate in the shade. The rates of photo­
synthesis of loblolly pine, eastern red oak, white oak and 
dogwood were determined for one hour periods at approximately 
30°C at various light intensities from 300 up to nearly 
10,000 fc. Photosynthesis of loblolly pine increased with 
light intensity up to full sunlight. However, maximum photo­
synthesis of the hardwood species was reached at one-third 
or less of full sunlight. Beyond 3,000 fc, there was a 
slight but statistically insignificant, decrease in photo­
synthesis up to 10,000 fc. Several investigators have 
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corroborated these results (Bormann 1953, Bourdeau 1954, 
Decker 1954, Kozlowski 1949, Bolster 1950). 
Kozlowski (1949) found the absolute photosynthetic 
rate of overcup oak to be much greater than that of loblolly 
pine. Additionally, the former was more efficient at low 
light intensities than the latter. The photosynthetic rate 
of loblolly pine increased with light intensity up to 10,000 
fc. Conversely, red maple and yellow poplar reached maximum 
photosynthetic efficiency at light intensities near one-
third of full sunlight. Kozlowski concluded that reduced 
root growth of loblolly pine seedlings in forest stands was 
probably a result of inadequate photosynthesis. Decreased 
light intensity when soil moisture was adequate, or drought 
when light was adequate effected a disturbance of the physio­
logical balance of the pine seedlings. A low rate of pine 
seedling photosynthesis resulting from low light intensities 
caused a poor development of roots. Consequently, when 
moisture was adequate the seedlings didn't grow well, and 
when moisture was wanting the seedlings died. 
Bourdeau (1954) investigated the growth responses of 
northern red oak and blackjack oak seedlings to various 
conditions of light and soil moisture. The photosynthetic 
rate of blackjack oak increased with increasing light in­
tensity. Blackjack oak was inefficient at low light in­
tensities, while northern red oak reached peak photosyn­
thetic activity at relatively low light levels. The shade 
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intolerance of blackjack oak and the shade tolerance of 
northern red oak seedlings were established from these re­
sults. The rates of photosynthesis of the seedlings of both 
species decreased with decreasing soil moisture in about the 
same proportion. Bourdeau concluded that the shade intoler­
ance of blackjack oak was an important factor in its failure 
to become established on fertile sites where red oak thrived. 
Bolster (1950) obtained a lower rate of photosynthesis 
of evergreen conifers than that of broadleaf species for an 
entire season. European larch, a deciduous conifer, ex­
hibited a rate intermediate between the two groups. Decker 
( 1954) showed that the phot osynthe tic rate of Scotch pine 
was a linear function of illumination over the range 1,800 
to 6,400 fc. Below 1,800 fc its rate dropped more steeply. 
Kramer and Decker (1944) and Kramer and Clark (1947) 
attributed the lower efficiency of pines at low light in­
tensity to mutual shading of needles. Kramer and Clark 
measured the rates of apparent photosynthesis of individual, 
fully-exposed loblolly pine needles at various light in­
tensities and a constant temperature of 25°C. The maximum 
rate of photosynthesis of the needles was reached at about 
one-third of full sunlight; no further increase in rate was 
realized up to 9,200 fc, the highest light intensity to 
which the needles were exposed. This behavior was essential­
ly the same as that of the hardwood seedlings, but quite 
different from that of the pine seedlings investigated by 
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Kramer and Decker (19 W » The shading of the needles by one 
another probably accounted for the relatively low rate of 
photosynthesis of the entire pine seedlings growing in the 
shade. The differences in the needle and leaf arrangement 
resulted in more mutual shading in the pine than in the hard­
wood seedlings. The radial arrangement of the needles of 
the entire pine seedlings reduced photosynthetic efficiency, 
while the mosaic arrangement of hardwood leaves increased 
efficiency. Bormann (1956) attributed the fundamental dif­
ference in the photosynthetic rate of sixteen-week-old and 
two-year-old loblolly pine seedlings in part to a mutual 
shading effect. He suggested that a large increase in mutual 
shading resulted from the augmented size and density of older 
seedling crowns and from the arrangement of secondary needles 
in clusters of three rather than singly, as in the primary 
needles. 
On sunny days, several investigators noted a decrease in 
photosynthetic rates during midday when light intensity was 
greatest (Nutman 1937, Bolster 1950, St&lfelt 1921, 1935, 
1956). Bolster reported a significant decrease in photo-
synthetic rates of beech and birch between 10 a.m. and 2 p.m. 
on bright, sunny days. Conversely, a good correlation be­
tween photosynthetic rates of larch and Scotch pine and light 
intensity was obtained on cloudy days. Kramer (1957, p. 166) 
listed the following causes of a midday drop of photosynthe­
sis: 
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"Overheating of plant tissue in bright sun. 
Excessive respiration caused by high temperature. 
Water deficit caused by high transpiration. 
Accumulation of products of photosynthesis. 
Photo-oxidation of enzymes in bright light. 
Closure of stomata. 
Decrease in carbon dioxide content of air. 
A pronounced decrease in phot©synthetic rates of plants 
exposed to continuous high light, with temperature constant, 
was observed by Bôhning (1949)# Bormann (1953) and Kozlowski 
(1957). Bôhning (194-9) reported no decline of photosynthesis 
in light-adapted apple leaves when exposed to a continuous 
light intensity of 3,200 fc for 18 days. When exposed to 
continuous light of 5,800 fc intensity, the sun leaves ex­
hibited a 40 percent decrease in photosynthetic rate over a 
l4~day period. Conversely, the rate of photosynthesis of 
shade-adapted leaves decreased rapidly within a day at 3,800 
fc. Bormann (1953) found that the rate of apparent photo­
synthesis of sweet gum seedlings reached maximum in early 
morning and then declined about one-third over a period of 
7 hours when exposed to 10,000 fc of continuous light. At 
3,200 fc of continuous light, the photosynthetic rate of the 
seedlings reached maximum in midmorning then declined errati­
cally but at approximately the same rate. Kozlowski (1957) 
observed that the photosynthetic reaction of red oak and 
dogwood seedlings resembled that of shade-adapted plants; 
loblolly pine seedlings that of sun-adapted plants. The 
rate of photosynthesis of red oak was reduced 30 percent, 
dogwood 18 percent and loblolly pine 11 percent when exposed 
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to 10,000 fc of continuous light for 7 hours. Rabinowitch 
(1945) noted that light inhibition of photosynthesis was 
most easily obtained in plants adapted to weak light. In 
sun-adapted plants the rate of photosynthesis stayed con­
stant beyond light saturation for a considerable period of 
time. However, prolonged and intense illumination finally 
resulted in inhibition. The possible causes of inhibition 
and species differences in the rate of decline in photo­
synthesis due to continuous light are the same as those 
cited previously for a midday reduction in photosynthesis. 
Additionally, Bôhning (1949) suggested a reduced chlorophyll 
content resulting from the bleaching of leaves, while Franck 
(1949) postulated the formation of an acidic narcotic and 
its subsequent adsorption on the chlorophyll-protein surface. 
Bôhning (1949), Bormann (1956), Boysen-Jensen (1932), 
Brender and Barber (1956), Freeland (1945), and St&lfelt 
(1921, 1924) indicated that the age and past history of 
leaves affected markedly the rates of photosynthesis of 
plants. Bormann (1956) noted that sixteen-week-old lob­
lolly pine seedlings reached light saturation at between 
1,500 and 3,000 fc; two-year-old seedlings reached satura­
tion at approximately three times this light value. In 
addition to the mutual shading effect previously cited, 
Bormann suggested a lowered response to light in mature 
secondary needles as a possible cause of this difference 
in minimum light saturation levels. He indicated that 
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fundamental variations in the anatomy of primary and mature 
secondary leaves may have accounted for these differences 
in photosynthetic behavior. The variations and their effect 
were described by Bormann (1957, p. 204)* 
"Primary leaves have a relatively simple struc­
ture; the chlorophyll-bearing mesophy11 tissue 
is covered by a layer of relatively thin-walled 
epidermal cells and a thin layer of cutin. In 
contrast, mesophy11 tissue in mature secondary 
needles lies beneath a thick cuticle, an epidermis 
whose cell walls are so thickened as almost to 
occlude the lacunae, and a hypOdermis of one to 
several strata of thick walled sclerenchyma cells. 
If the screening effect of these layers is of 
importance, individual primary needles would be 
expected to achieve light-saturation at intensities 
lower than those required by mature secondary 
needles. " 
Bormann (1957) suggested that a difference in light satu­
ration levels between developing and mature secondary needles 
was associated with maturation of the various tissues or with 
fundamental physiological differences between ontogenetic 
stages. 
StSlfelt (1921) found that the rate of photosynthesis 
was higher in five-year-old needles of spruce and three-
year-old needles of pine than in year-old needles under 30 
percent of full sunlight. In full sunlight, the rate de­
creased with increasing age of needles. Preeland (1952) 
observed that the rate of photosynthesis of several conifers 
decreased with increasing age of needles, but three-year-old 
needles of most species absorbed substantial amounts of 
carbon dioxide. 
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Pisek and Tranquillini (1954) attributed the greater 
photosynthetic efficiency of the shade leaves over the sun 
leaves of beech and spruce to the higher chlorophyll content 
of the former. Stllfelt (1921) and Tranquillini (1954) 
found the compensation point of several shade-grown seed­
lings to be much lower than that for sun-grown plants. 
Tranquillini observed further that shade-grown plants of 
Swiss stone pine were more efficient than those grown in 
full sun at light intensities above 3,500 fc. Kozlowski 
(1949) found no differences in the efficiency of sun and 
shade-grown loblolly and overcup oak seedlings. Bôhning 
(1949) found that apple leaves developed in full sunlight 
were more resistant to bright light than those developed in 
the shade. Boysen-Jensen (1932) obtained a greater rate of 
photosynthesis of sun over shade leaves of European beech 
within light intensities from 15 to 40 percent of full sun­
light. Brender and Barber (1956) cited situations in which 
shade intolerant loblolly pine seedlings survived under 
fairly deep shade. Bormann (1957) suggested that loblolly 
seedlings grown in relatively deep shade exhibited certain 
environmental modifications which enabled them to utilize 
low light intensities more efficiently than sun-grown plants. 
He pointed out (p. 205): 
"These adaptations are of two kinds: changes in the 
pattern of development that allow more incident 
light to reach chlorenchyma tissues, and those that 
cause shade-grown seedlings to invest a greater pro­
portion of their dry weight in leaves. 
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The relatively open crowns that often develop in 
shade-grown plants allow greater quantities of 
light to penetrate the crown. This reduction in 
mutual shading may be brought about in two ways: 
(a) through the development of longer stems with 
fewer leaves per unit of stem, as observed in 
first-year seedlings grown in 30 percent of full 
sunlight with adequate soil moisture (unpublished 
data), and (b) through an increase in the angle 
between the stem and the fascicles of secondary 
needles on older seedlings. This latter phe­
nomenon is often observed in nature where fascicles 
of shade-grown seedlings are held in a lax and 
open manner, while fascicles of sun-grown seed­
lings are held close to the stem, giving the shoot 
a broom-like appearance." 
Helmers (1943) suggested that changes in needle anatomy 
made shade-grown seedlings more efficient in low light in­
tensities. He found that the cuticle and epidermis were 
thinner in shade-grown than in sun-grown needles of ponderosa 
pine. The chlorenchyma tissue of shade leaves probably re­
ceived a greater proportion of incident light than similar 
tissues of sun-grown leaves. Additionally, the higher chloro­
phyll content may have contributed to greater efficiency. 
Soil moisture in relation to photosynthesis 
Kramer (1957) indicated that any factor which lowered 
the water content of leaves much below normal caused reduction 
in photosynthesis. Wilson and Loomis (1957) suggested that 
the small amount of water used in photosynthesis precluded 
the possibility of a reduction from the lack of water as a 
raw material. Instead, leaf water deficits lowered photo­
synthesis directly by dehydration of photosynthetic tissue 
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and indirectly by the closure of stomata which reduced the 
entrance of carbon dioxide. Reduced water content of leaves 
resulted from deficiencies of soil moisture, transpiration 
exceeding absorption from moist soils, or from an excess of 
soil moisture which interfered with water absorption (Kramer 
1957). 
St&IfeIt (1921) observed that summer drought reduced 
photosynthesis in spruce more than in pine. The time of 
closure of stomata in spruce occurred in mid-morning on a 
clear day, but much later in cloudy weather (St&lfelt 1924)• 
A marked decrease in the rate of photosynthesis with de­
creasing soil moisture occurred at a higher soil moisture 
level in loblolly pine than in overcup oak (Kozlowski 1949)» 
This reduction was initiated considerably before soil mois­
ture reached the wilting point. Similar observations were 
made by Bormann (1953) with sweetgum and Bourdeau (1954) 
with blackjack and northern red oak. Schneider and Childers 
(1941) reported a $0 percent reduction of the photosynthetic 
rate of apple trees in drying soil before wilting was visi­
ble. Upon visible wilting, the rate dropped to only 15 per­
cent of the control rate. Respiration increased markedly 
as moisture decreased, thus effecting a sharp decrease in 
apparent photosynthesis. The failure to resume a normal 
rate upon irrigation probably resulted from dehydration of 
photosynthetic tissue (Kramer 1957). Childers and White 
(1942) noted a marked reduction in the rate of photosynthesis 
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of apple after flooding the soil. They concluded that the 
water deficit was caused by reduced water absorption, based 
on the observation that the leaves of flooded apple trees 
had a lower water content than those of unflooded controls. 
Temperature and photosynthesis 
Chapman and Loomis (1953) and Thomas and Hill (1949) 
state that higher temperatures may cause an increase in 
photosynthetic rate if light and carbon dioxide levels are 
not limiting. However, the photosynthesis rate in plants 
supplied with adequate light under natural conditions is 
generally not affected directly by a temperature increase. 
This lack of response was attributed to a limited supply of 
atmospheric carbon dioxide. Temperature affects photo­
synthesis indirectly through respiration and transpiration 
(Kramer 1957). Tranquillini (1954) noted that the optimum 
temperature was lower for photosynthesis than for respira­
tion, and as the temperature increased, apparent photo­
synthesis decreased because of augmented respiration. In­
creased temperature also increased transpiration which often 
resulted in a saturation deficit in leaves. The deficit 
was accompanied by stomatal closure, thus reducing photo­
synthesis through a decrease in carbon dioxide uptake (Kramer 
1957). The range of temperatures within which photosynthesis 
has occurred has varied from a few degrees below freezing to 
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over 40°C. Free land ( 191+5), Parker (1953) and Zeller 
(1951) observed photosynthesis and respiration in conifers 
at temperatures below freezing. However, Zeller (1951) 
and Bourdeau (1959) noted a decrease in photosynthetic 
capacity during the winter. Kramer (1957) cited unpublished 
data of Decker in which the rate of photosynthesis of red 
and loblolly pine seedlings left out of doors during autumn 
and early winter decreased to 8 and 12 percent respectively 
of the autumn rate. Hepting (1945) found that shortleaf 
pine accumulated considerable amounts of carbohydrates 
during the winter. He suggested that in regions with mild 
winters evergreens carry on considerable photosynthesis on 
warm days. Bourdeau (1959) measured the carbon dioxide ex­
change under uniform conditions of light and temperature 
in young shoots of Norway and blue spruce for a period of 
one year. Net photosynthesis became positive in June and 
reached its maximum at the end of the growing season. In 
the winter photosynthetic rates decreased to negligible 
levels but increased again during the following spring. 
The same pattern was observed in eastern hemlock and Scotch 
pine. He concluded that the seasonal fluctuations in photo­
synthetic capacity, with a marked winter minimum, precluded 
the possibility of appreciable photosynthesis by evergreens 
during the cold season. 
Kramer (1957) suggested that the effects of high tem­
perature on photosynthesis during the growing season were 
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more worthy of consideration. Decker (19I4J+) measured the 
photosynthetic rates of red pine and loblolly pine at 
I}.,500 fc for one-hour periods. The rate of photosynthesis 
was maximum between 20 and 30°C and decreased about k$ per­
cent when the temperature was increased from 30 to l4-0°C. 
The ratio of photosynthesis to respiration decreased from 
13 at 20°C to only 3 at l|.0oC. Tranquillini (1955) observed 
that photosynthesis of Swiss stone pine, a mountain species, 
reached its maximum at 10 to l5°C, and at 35 to lj.0°C respi­
ration exceeded photosynthesis. At light intensities above 
3,700 fc the needle temperature was raised so high that 
photosynthesis was limited by temperature. At high tem­
peratures, the rate of photosynthesis of cherry laurel de­
creased with time (Blackman and Matthaei 1905)• 
Mineral nutrition and photosynthesis 
Kramer (1957) indicated that the indirect effects of 
mineral deficiencies on photosynthetic rates of trees were 
probably most important. These effects are produced through 
a reduction in leaf area and chlorophyll content. 
Deficiencies of nitrogen, magnesium, iron, manganese, 
copper and zinc interfere with the formation of chlorophyll. 
According to Willstâtter and Stoll (1918) photosynthe­
sis was not proportional to chlorophyll content. Reuther 
and Burrows ( 191+2) found that the photosynthetic rate of 
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tung leaves, chlorotic from lack of manganese, was as high 
as leaves which had recovered green color after treatment 
with manganese. They suggested that photosynthesis was 
limited in both chlorotic and non-chlorotic leaves because 
of low light intensity. Conversely, Heinicke and Hoffman 
(1933) found that photosynthesis in light green apple leaves 
was only one-third as rapid as in dark green leaves. Pisek 
and Tranquillini (1951+) attributed the higher photosynthetic 
efficiency of shade leaves of beech and fir to their greater 
chlorophyll content as compared with sun leaves. 
Heinicke (1931+) noted a better retention of chlorophyll 
and high rate of photosynthesis through the addition of 
nitrogen to apple trees in the autumn. The addition of 
nitrogen usually resulted in improved color in leaves and 
increased photosynthesis in apple trees on infertile soils. 
Childers (1937) reported that severe nitrogen deficiency 
reduced photosynthesis of apple to one-third of normal, and 
resulted in numerous, but small and sluggish stomata on the 
leaves. Deficiency of phosphorous and potassium produced 
no significant reduction in photosynthesis. Batjer and 
Degman (1940) observed a marked reduction in photosynthesis 
of apples with nitrogen deficiency, a smaller reduction with 
potassium deficiency and no effect with phosphorous de­
ficiency until it became extremely severe. Loustalot £t al. 
(1950) found that nitrogen deficiency reduced photosynthesis 
of tung leaves much more than potassium deficiency. Deficiency 
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symptoms appeared when the leaf nitrogen content fell to 
about 1.25 percent, and excellent growth was obtained when 
the leaves contained 2.5 percent nitrogen. In addition to 
reducing the rate of photosynthesis per unit of leaf sur­
face, deficiency of mineral nutrients usually reduced total 
leaf surface. This combined effect resulted in a serious 
reduction in the amount of carbohydrates available for 
growth. 
Carbon dioxide and photosynthesis 
Kramer (1957) and Thomas and Hill ( 194-9) noted that 
when all other factors were favorable, photosynthetic rate 
was usually limited by the relatively low carbon dioxide 
content of the air. Chapman and Loomis (1953) observed 
that the increase in the rate of photosynthesis of potato 
plants during a one-hour test was almost proportional to the 
increase in carbon dioxide content of the atmosphere from a 
normal concentration up to five times normal over a short 
period. Stâlfelt (1924) reported an increase in the photo­
synthetic rate of Scotch pine with an increase in carbon 
dioxide above the normal concentration. However, too high 
a concentration was injurious, especially if maintained for 
a longer time. Decker (191+7) concluded that the photosyn­
thetic rates of loblolly pine, yellow poplar and dogwood 
increased linearly with carbon dioxide concentration from 
O.45 to 0.52 mg per liter of air. 
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Lundeglrdh (1931) and Meinecke (1932) emphasized the 
importance of the large amount of carbon dioxide released 
by the respiration of soil organisms. This was especially 
marked in forests where decaying litter usually increased 
the carbon dioxide concentration near the soil surface 
considerably above normal. Kramer (1957) suggested that 
the increased concentration of carbon dioxide compensated 
partially for the low light intensity to which seedlings 
on the forest floor were exposed. 
Chapman et_ al. (1954) and Huber (1952) noted a daily 
fluctuation in carbon dioxide content characterized by a 
minimum in the afternoon which probably limited photosynthe­
sis. Verduin and Loomis (1944) concluded that the normal 
concentration of carbon dioxide was seldom attained during 
daylight hours &t 1 meter above the ground in an Iowa corn­
field. A distinct reduction occurred in the early morning 
with a leveling of carbon dioxide content during the re­
mainder of the daylight hours. 
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METHOD OF INVESTIGATION 
Field Investigation 
Method of understory treatment 
The problem of converting low grade, brushy forest 
stands to those of good quality involves a thorough under­
standing of forest tree seedling establishment. A study 
designed to determine the methods of understory treatment 
best suited to stand conversion practices was established 
in March, 1956 as one phase of the overall approach in 
solving artificial regeneration problems under low-grade 
forest canopies. The primary objective was to determine 
the method which insured the intensity of understory treat­
ment needed; secondarily, any information obtained regarding 
the use of specific equipment and materials would be con­
sidered useful. 
The experimental area used is located in the northeast 
corner of the Brayton Memorial Forest in Delaware County, 
Iowa. The legal description is: the northwest quarter of 
the northeast quarter of the southwest quarter of section 31, 
T88N, R3W. 
The long time average monthly temperatures and pre­
cipitation at the Delaware weather station, six miles north­
west of the Brayton forest, are shown in table 1 (U. S. 
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Table 1. Monthly mean temperatures and precipitation 
for 1956, 1957 and 1958 at Delaware, Iowa as 
compared to the long-time average8. 
Temperature - °F Precipitation - inches 
Month ; S Average 1 1956 1957 1958 Average c 1956 1957 1958 
January 17.7 18.8 12.1 20.6 1.16 0.51 0.59 0.37 
February 20.0 21.6 27.9 14.8 0.97 0.37 " 0.44 0.06 
March 32.9 31.4 33.2 32.6 1.80 1.09 0.98 0.56 
April 46.6 44.6 48.4 48.0 2.62 3.58 3.18 2.10 
May 58.9 58.6 56.5 59.8 4.00 8.12 8.49 1.93 
June 68.li- 72.1 67.1 64.9 4.60 2.26 4.39 3.81 
July 73.3 70.1 74.3 69.0 3.85 3.45 2.74 2.69 
August 70.4 71.6 71.3 71.4 3.70 3.71 3.47 3.22 
September 62.6 61.1 60.6 62.5 4.39 1.93 2.02 1.58 
October 51.5 57.7 49.0 53.8 2.67 1.28 1.86 2.48 
November 35.4 35.1 34.3 38.0 1.84 1.75 2.39 1.47 
December 22.4 25.2 28.6 16.6 1.35 0.87 1.21 0.44 
Annual 46.7 47.3 46.9 46.0 32.95 28.92 31.76 20.71 
*Data from U. S. Weather Bureau (1956, 1957, 1958). 
b58 years of record. 
°69 years of record. 
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Weather Bureau 1956, 1957, 1958). The average annual pre­
cipitation of approximately 33 inches, 65 percent of which 
comes as rain during the growing season, is considered 
adequate for tree establishment and growth (Thornthwaite 
191+8) • The growing season, defined as the time between the 
mean killing frost dates, averages 158 days. Winter winds 
are primarily from the northwest, while those from April to 
October are generally of southwestern origin. 
A comparison of the monthly mean precipitation and 
temperatures for 1956, 1957 and 1958 is also presented in 
table 1. 
The soil of the experimental area is mapped as a 
Fayette silt loam (Eschner 1952). The Fayette series is 
included in the Gray-Brown Podzolic great soil group and 
represents a major component of the Fayette soil association 
area of northeastern and eastern Iowa. The parent material 
is loess overlying Iowan drift. 
The Fayette soils are moderately fertile, naturally 
well-drained and readily subject to erosion when disturbed. 
They occupy the rounded crests of ridges and cover the 
lower slopes except in hilly uplands. They are primarily 
associated with the Dubuque, Steep Stony Land, Quandahl, 
Dorchester and Downs series (Simonson et al. 1952). 
Three Fayette silt loam profiles within the experimental 
area were examined and described. Detailed qualitative and 
quantitative information is presented in the Appendix. 
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Generally the solum averaged $Q inches in depth. The top 
of the C2 horizon was located at depths varying between 72 
and 126 inches below the soil surface. Slight mottlings 
of yellowish brown were first encountered at the top of the 
horizon at approximately 50 inches. Textures ranged from 
a silt loam to a silty clay loam; structure from crumb to 
blocky. From this information it is evident that soil depth, 
soil aeration, lack of calcareous materials, soil texture 
and soil structure were generally favorable for forest tree 
seedling establishment and growth. Eschner (1952) found 
Fayette silt loam to be the most productive of the upland 
hardwood soils on the Brayton Forest. 
The experimental plots were located in a favorable cove 
position on the southwest aspect of a northwest-southeast, 
moderately narrow drainage. Each experimental block inter­
sected the upper, middle and lower slope positions. Spe­
cifically, the aspect averaged S52°W and the slope 25 per­
cent. Erosion was slight to nonexistent. 
The forest in which this study was conducted is typed 
as partially cut-over white oak-northern red oak-northern 
pin oak, good site (Eschner 1952). High-grading practices 
over the past 50 years have resulted in a stand of inferior 
species and poor quality stems of desirable species. The 
overstory was understocked and consisted primarily of the 
following species in order of importance: northern red oak 
(Quercus borealls Michx.), white oak (Quercus alba L.), white 
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elia (ïïljmus americana L. ), northern pin oak (ftuerous ellip-
soidalis E. J. Hill) and shagbark hickory (Carya ovata (Mill.) 
K. Koch.). The major components of the understory in order 
of importance were: dogwood (Cornus alternifolia L. ), hazel 
(Corylus americana Walt.), ironwood (Ostrya virginiana (Mill.) 
K. Koch.), raspberry and blackberry (Rubus spp. L.) and smooth 
sumac (Rhus glabra L. ). In much of the area the density of 
dogwood and hazel had increased appreciably because of the 
poor cutting practices. The typical topography and stand 
composition are shown in figures 1 and 2. 
The study was designed as a split-split-plot experiment 
(Cochran and Cox 1950). Each of the three replications was 
divided into four plots. These plots received the following 
basic treatments intended to control understory growth and so 
favor development of the planted species: check, burned, 
treatment with a rotary brush beater, or basal application 
of a brush-killer mixture. The basic treatments were made 
the last part of March, 1956. The brush killer was applied 
to wet the lower stems of the understory with a solution con­
sisting of 0.5 pounds of 2,4-D plus 2,^,5-T in 3 gallons of 
kerosene. One-half of each basic treatment plot received a 
foliage spray treatment on August 16, 1956. This spray con­
tained 0.25 pounds of the 2,lj.-D plus 2,^,5-T mixture in 2.5 
gallons of water plus 0.5 gallons of kerosene with a wetting 
agent. Three quarts of this spray was applied to the 4,200 
square feet of each subplot. 
Figure 1. Hilly topography and inferior overstory 
representative of the better section of 
the area in which the studies were conducted 
at the Brayton Forest. 
Figure 2. Dense understory of dogwood and hazel 





Thirty plants of each of five species of conifers were 
planted in each subplot the first week in April. The fol­
lowing species were selected to evaluate variability in 
response to differences in tolerance: 
1. European larch (Larlx decldua Mill.) - very 
intolerant. 
2. Red pine (Pinus resinosa Ait.) - intolerant 
3. Scotch pine (Pinus sylvestris L.) - intolerant. 
if.. Eastern white pine (Pinus strobus L. ) - inter­
mediate. 
5. Norway spruce (Picea abies L.) - very tolerant. 
A description of each of the species used is found in the 
Appendix. Each of the four basic understory treatments is 
illustrated in figures 3, 1+, 5 and 6. 
A 100 percent inventory of conifer survival was made 
one month after planting to evaluate the condition of stock 
and planting efficiency. Survival, height, and diameter 
and height growth of all conifers were measured in the early 
fall of 1956, 1957 and 1958. Spring survival was checked in 
1957 and 1958. Height measurements were made with a yard­
stick, diameter measurements at the ground level with an 
improvised caliper divided into tenths and hundredths of an 
inch. 
Figure 3. Check plot, representative of the dense under­
story vegetation found originally on all ex­
perimental plots. 
Figure I4.. One of the plots in which the understory 
vegetation was burned. Note the profuse 
sprouting of raspberry occurring three months 
after burning. 
Figure 5» Characteristic plot in which the understory 
vegetation was removed by a brush beater. 
Note the low density of hazel one year after 
treatment. 
Figure 6. Typical plot in which the understory was 
treated with a basal spray of 2,1^-D plus 
2,1{.,5-T. Note the paucity of understory 
vegetation one year after treatment. 
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Density of over3tory and understory canopy 
The second phase of this regeneration establishment 
study was planned to effect a more fundamental analysis of 
the relationships of light and soil moisture in plant 
competition. Controlled intensities of overstory and under­
story cuts were made to provide variation in the intensity 
of competition encountered by the conifers used in the stand 
conversion program on the Brayton Forest. 
The location, climate, soils, topography and vegetal 
cover of the experimental area are the same as described in 
the first phase of this study. 
This part of the study was designed as a replicated 
split-plot experiment within unreplicated, fixed main-plot 
canopies. Three areas chosen for overstory-understory vege­
tation density were established the last week of March, 1956 
as the main blocks. One consisted of no overstory and a 
dense understory; the second, a moderate overstory and a 
sparse understory; the third, a moderate overstory and a 
moderately sparse understory. Specifically, the no over-
story-dense understory area had a brush density of 15,900 
stems per acre; the moderate overstory-sparse understory area 
had a tree basal area of 87 square feet and a brush density 
of 6,900 stems per acre; the moderate overstory-moderately 
sparse understory had a tree basal area of 117 square feet 
and a brush density of 10,100 stems per acre. Three 
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replications were established within each of the three 
covers. Each replicate was divided into four subplots. One 
of the following intensities of cut was assigned to each sub­
plot at random: all understory stems clearcut, two-thirds 
of the stems removed, one-third removed, none removed. Al­
though stumps of all stems were sprayed with 2,4-D plus 
2,4-,5-T immediately after cutting and additional stems not 
cut were frilled and sprayed with chemical to maintain the 
desired intensities, considerable sprouting occurred over the 
three-year period. The light intensity readings, used as a 
check on cutting intensity, averaged 14-, 18, 33 and 71 per­
cent of full sunlight for the check, one-third, two-thirds 
and clearcut treatments respectively for the three-year 
period as an average of all overstory canopies. Measurement 
of full sunlight in the open between 10 a.m. and 2 p.m. aver­
aged 7,579 fc for the three-year period. 
Thirty plants each of European larch, red pine, Scotch 
pine, eastern white pine and Norway spruce were planted in 
each subplot during the first week of April. Typical ex­
amples of the four subplot treatments are shown in figures 7, 
8, 9 and 10. 
Soil moisture samples were obtained from all plots 
during April, June,,August and October of 1956, 1957 and 
1958 in the manner described by Lull and Reinhart (1955). 
Cores were taken with a Veihmeyer tube to a depth of three 





Characteristic plot in which the understory 
vegetation was clearcut. The three-year mean 
maximum light intensity for all similar plots, 
including those with no overstory, was 71 per­
cent of full sunlight. Measurement of full 
sunlight in the open between 10 a.m. and 2 p.m. 
averaged 7,579 fc for the three-year period. 
Typical plot in which two-thirds of the under­
story stems was removed. The three-year mean 
maximum light intensity for all similar plots 
was 33 percent of full sunlight. 
Representative plot in which one-third of the 
understory stems was removed. The three-year 
mean maximum light intensity was 18 percent 
of full sunlight. 
One of the nine check plots in which no treat­
ment was made. The three-year mean maximum 
light intensity of the nine plots was ll|. per­
cent of full sunlight. 
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subplot and combined by one-foot depths to form three com­
posite samples. Soil temperatures were taken periodically 
throughout the growing seasons of 1956, 1957 and 1958 at 
the surface, one-inch and three-inch depths from four-fifths 
of the plots. Specially designed holders were used to in­
sure placement of the thermometers at the designated levels 
and to protect the thermometer but not the soil from direct 
solar radiation. 
Light intensity measurements were taken with a Weston 
illumination meter three times during the growing seasons of 
1956, 1957 and 1958. Sampling was done on cloudless days 
between 10 a.m. and 2 p.m. The sequence of measurements was 
changed through the nine periods of sampling to avoid bias 
which might occur from seasonal changes in the altitude of 
the sun. The intensity of sampling was limited to 25 read­
ings per plot to insure a complete recording of light in­
tensities for all plots in one day. The photoelectric cell 
was swung rapidly in a short arc at conifer seedling height 
to obtain an average of the variable light intensities re­
sulting from the partial diffuse and direct light found under 
leaf canopies. 
Survival, height, and height and diameter growth of all 
conifers were measured in the same manner and with the same 
equipment as described for the first phase of this study. 
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Nursery Investigations 
As an adjunct to the studies conducted at the Brayton 
Forest, a series of survival, growth and photosynthesis tests 
was established at the State Forest Nursery. These experi­
ments, in which closer control of light and soil moisture 
was possible, enabled a more critical evaluation of the rela­
tive effects of light intensities and soil moisture levels 
on forest tree seedling establishment. 
The experimental area is located in the northwest corner 
of the Iowa Conservation Commission State Forest Nursery one 
mile south of Ames, Iowa. The legal description is: the 
northwest quarter of the north half of the southeast quarter 
of section 14, T83N, R24W. The soil of the experimental 
nursery area is mapped as an O'Neill sandy loam (Lane and 
McComb 1948)• The O'Neill series, included in the Bruniz em 
great soil group, represents one of the major terrace soils 
of the Clarion-Webster soil association area of north central 
Iowa. Its parent material is stratified outwash of the Cary 
glacial drift. 
The O'Neill soils consist essentially of dark gray to 
dark brown or nearly black soils, underlain by light brown 
subsoils. The solum overlies a substratum of stratified 
coarse sand and gravel. The soils occupy high terraces which 
vary from nearly level to somewhat eroded. The soils and 
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subsoils are not calcareous but tend to be drouthy (Brown 
1936). 
Two O'Neill sandy loam profiles within the experimental 
area were examined and described. Detailed qualitative and 
quantitative information is presented in the Appendix. The 
average depth to a gravel layer of unknown thickness was 24 
inches, ranging from 21 to 26 inches. The B^ horizon passed 
abruptly into a gravelly D horizon. Mottling was first ap­
parent at the top of the D horizon. Textures ranged from a 
very gravelly loamy sand to a clay loam, structure from 
granular to massive. The coarse texture and shallow solum 
indicate a drouthy soil needing constant irrigation for 
optimum growth conditions for tree seedlings. 
The experimental plots were located on a terrace with a 
1 percent slope to the northeast. Ample protection from the 
wind was provided the plots by a windbreak of eastern red 
cedar ( Junlperus virginiana L. ) 15 feet north of the area. 
The trees averaged 15 feet in height, and their crowns were 
closed from the surface of the soil to the tops of the trees. 
The general topographic, edaphic and vegetal conditions 
are shown in figure 11. 
Survival and growth test 
This study was designed as a split-split-plot experi­
ment according to Cochran and Cox (1950). Three replications 
Figure 11. State Forest Nursery experimental area. 
The level topography capped by the O'Neill 
sandy loam is typical of the outwash terraces 
of the Gary glacial drift. Note the eastern 
red cedar windbreak used as protection for 
the experimental plots. Board dividers used 
to separate species and moisture levels were 
buried in the soil prior to the erection of 
the temporary greenhouses. 
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of three light intensities of I4.84. fc; 3,1+86 fc and 7,125 f c ; 
were established by the construction of nine 9x9x6-foot 
temporary greenhouses from lumber, lath, polyethylene sheet 
and muslin. These light intensities were measured at noon 
on clear days, at which time the light intensity in the open 
averaged 8,14J4.I fc. Within each greenhouse two available 
soil moisture ranges were established, one from 0.55 to 1+.29 
inches (12 to 22 percent by weight), the other from 2.77 to 
1)..29 inches (18 to 22 percent by weight) within the two-foot 
soil layer above the gravelly subsoil. The highest soil 
moisture level was close to the field capacity, the lowest 
varied between near wilting and the field capacity. Within 
each soil moisture and light intensity treatment, 20, 2-0, 
weighed seedlings of European larch, hazel, eastern white 
pine and Norway spruce were planted in April, 1957. Dogwood 
was seeded at a rate sufficient to insure 20 healthy seed­
lings per treatment when thinned one month later. Dogwood 
and hazel were lifted at the end of the growing season be­
cause of exceptionally profuse growth and seeded again in 
the spring of 1958. A complete description of each species 
used is found in the Appendix. Soil moisture levels and 
species were separated within each greenhouse by 1x12-inch 
boards. 
The soil moisture ranges were maintained throughout the 
growing seasons of 1957 and 1958 by an irrigation technique 
based on sampling with fiberglass-gypsum blocks. The 
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moisture block units were calibrated in the laboratory ac­
cording to a technique described by Kelley (1944)• Three 
units were placed in each of the soil moisture treatments, 
in each greenhouse, at 3, 9 and 15 inch depths. 
Bulk density determinations were made with a Bradfield 
soil-sampling tube as described by Baver (1956). Field 
capacity was determined gravimetrically. Samples were col­
lected throughout the profile after the soil was saturated 
by irrigation, covered by a plastic cover and allowed to 
drain for 24 hours. Wilting percentage was determined by 
the pressure membrane apparatus according to Richards (1947). 
All moisture values, expressed previously as percentages, 
were then converted to inches of available soil moisture. 
The total volume of water in the profile at desired soil 
moisture levels was calculated and, by means of the labora­
tory calibration curves, related to readings taken with a 
Colman soil moisture ohm meter. An irrigation schedule was 
established in which ohm meter readings were taken periodi­
cally to check soil moisture levels. Whenever readings from 
the three soil depths were below the desired level, suf­
ficient water was applied to raise the soil moisture in the 
entire profile to field capacity. 
The temporary greenhouses were varied in construction 
to obtain three light intensity levels. The houses which 
had an average light intensity of 7,125 fc were covered with 
polyethylene alone; those with an average intensity of 3,486 
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fc were covered by polyethylene and spaced lath strips; 
those with an average intensity of I4.84 fc were covered with 
polyethylene and muslin. Polyethylene was used for all 
houses to prevent precipitation from reaching the plots. 
Sufficient area was left uncovered at the top and bottom of 
all panels to insure ventilation. The greenhouses, and the 
soil moisture and species compartments are shown in figures 
12, 13, 14 and 15. 
Weekly measurements of light intensities, soil tempera­
tures and relative humidities were taken within each green­
house throughout the growing seasons of 1957 and 1958. Light 
intensities were measured with a Weston illumination meter. 
Ten readings were taken per greenhouse and ten in the open 
on cloudless days between 11 a.m. and 1 p.m. The sequence 
of measurements was changed weekly to avoid bias which could 
occur from seasonal changes in the altitude of the sun. The 
photoelectric cell was held at seedling height and swung 
rapidly in a short arc to average variable light intensities 
resulting from alternations of diffuse and direct light 
under the greenhouse covers. 
Soil temperatures were taken at the surface, one-inch 
and three-inch depths within each soil moisture and light 
intensity treatment. Daily fluctuations were obtained through 
measurements at 9 to 10 a.m., 1 to 2 p.m. and 5 to 6 p.m. 
Relative humidities were measured within each greenhouse with 
a sling psychrometer. Daily fluctuations were determined 
Figure 12. One of the three temporary greenhouses in 
which the mean maximum light intensity was 
7,125 fc. 
Figure 13• A representative temporary greenhouse in 
which the mean maximum light intensity was 
3,li86 fc. 
Figure ll|. Characteristic temporary greenhouse in which 
the mean maximum light intensity was I4.8I4. fc. 
Figure 2$, The interior of one of the greenhouses, where 
the typical arrangement of species and soil 
moisture compartments is illustrated. 
67 
68 
through measurements at 9 to 10 a.m., 1 to 2 p.m. and 5 to 6 
p.m. 
A 100 percent Inventory of seedling survival was taken 
one month after planting as a check on stock condition and 
planting efficiency. Hazel and dogwood were lifted and green 
and oven-dry weights of tops and roots were determined in 
the fall of 1957. Survival, height, and diameter and height 
growth of all seedlings were measured in the fall of 1957 
and 1958. Spring survival was checked in 1958. All seed­
lings were lifted in the early fall of 1958 and green root, 
shoot and total weights were obtained for all treatments. 
Samples were taken within each treatment, oven dried and a 
green-dry weight ratio was determined. Green weight of 
growth was determined for all species as the difference be­
tween initial and final green weight. Shoot-root ratios 
were calculated for all species. 
Measurements of seedling height and diameter were made 
with the same equipment and in the same manner as used in 
the Brayton Forest studies. Weights were obtained with a 
Mettler precision balance. 
Photosynthesis tests 
Three primary objectives were set up to evaluate the 
relative effect of light and soil moisture on the rates of 
photosynthesis of forest tree seedlings. They were as 
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follows: 
1. Determine the effect of variable light intensities 
on the photosynthetic rates of three coniferous 
and two hardwood species preconditioned at two 
light intensities and at a soil moisture level 
close to field capacity. 
2. Determine the effect of variable light intensities 
on the photosynthetic rates of one coniferous and 
one hardwood species preconditioned at two light 
intensities and two soil moisture levels; one 
close to the field capacity, the other varying 
between near wilting and the field capacity. 
3. Determine the compensation point, defined as the 
light intensity at which photosynthesis equals 
respiration, for three coniferous and two hardwood 
species grown at optimum light and soil moisture 
levels. 
In the study related to the first objective, photosyn­
the tic rates of European larch, eastern white pine, Norway 
spruce, dogwood and hazel seedlings were determined at light 
intensities ranging from 200 to 10,000 fc. The plants were 
preconditioned at 10 or 62 percent of full sunlight and within 
an available soil moisture range of 0.68 to l.Q5> inches (18 
to 22 percent by weight). The observations were replicated 
four times. A description of each specie s used is given in 
the Appendix. 
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All conifers were planted and all hardwoods were seeded 
in eight-inch clay pots in April, 1958. They were thinned 
to one plant per pot one month later. All seedlings were 
grown in full sunlight and at a soil moisture level close to 
field capacity until July 1, 1958. At this date, sufficient 
numbers of each species were assigned at random to the 10 
or 62 percent preconditioning light intensities to insure 
four replications of all possible combinations of treatments. 
Soil moisture levels in the pots were maintained by 
weighing. A watering schedule was established in which the 
pots were weighed daily to check soil moisture levels. When­
ever the weights were less than desired, sufficient water was 
added to raise the soil moisture to field capacity. 
Photosynthesis determinations were made in the nursery 
with a mobile photosynthesis unit. The rates of photo­
synthesis were determined by the NaOH tower technique. In 
this method, a measured stream of air is passed through an 
absorption tower filled with NaOH. The CO^ in the air stream 
is absorbed by the alkaline solution. Another stream of air 
is drawn through a second absorption tower after passing 
through a cellophane bag covering a normally functioning 
potted seedling. The C02 of this air stream is absorbed by 
the NaOH in the second tower. The differences in the amount 
absorbed by the towers represents the amount of GO^ used by 
the seedling, thus measuring photosynthesis. Five absorp­
tion towers were employed. One was used to measure 
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atmospheric COg, the others to determine COg absorption by 
four potted seedlings of the same species exposed to dif­
ferent intensities of light. Air flow was measured by 
calibrated flowmeters and maintained at rates of 100 liters 
per hour. 
After fitting the cellophane bags over the seedlings 
and making the necessary connections, the suction pump was 
started, and 200 ml of distilled water and 2$ ml of approxi­
mately 0.25N NaOH containing five drops of phenolphthalein 
and 0.5 ml of butanol were added to each absorption tower. 
Air flow was adjusted to 100 liters per hour, and time was 
started immediately. The COg from the atmosphere and seed­
lings was run through the towers for one hour. The NaOH 
solutions were then drained into suction flasks from the ab­
sorption towers, the séparatory funnels and towers were 
washed with distilled water, and all residue collected in 
the suction flasks. Ten ml of 10 percent BaCl^ was added 
to the solution from each tower to precipitate Na^OO^ and 
NaHCOj. The residues were titrated for the remaining NaOH 
with approximately 0.25N, standardized HC1, phenolphthalein 
being used as the endpoint indicator. The difference be­
tween the initial volume of NaOH and the remaining volume 
represents the amount of NaOH used to absorb the C02 in the 
individual tower. The variability in the amounts of NaOH 
used in the individual towers represents the differences in 
C02 absorption or in photosynthetic rates. For a more 
72 
detailed description of the apparatus used, see Chapman and 
Loomis (1953)• 
During a photosynthesis run the potted seedlings were 
placed in shade frames covered with various thicknesses of 
muslin or copper screen so that light intensities ranging 
from 200 to 10,000 fc were obtained. One potted seedling 
was exposed to full sunlight, the other three were placed in 
frames which reduced light intensities to 30, 10, and 1+ per­
cent of full light. Because of the variability in light 
intensities resulting from time changes and cloudiness, 
average light intensities were obtained with a Weston il­
lumination meter during the hour run. Average temperatures 
were also obtained at each potted seedling. An additional 
check on the average light intensity was obtained through 
the use of a radiation integrator. A complete description 
of the integrator is given in an article to be published in 
"Forest Science" by Shaw and McComb (1959). Seedlings were 
shifted so that each had been used at a different intensity 
of light by the time the four replications had been completed. 
To express photosynthesis on a per unit basis, the sur­
face area and the weight of the leaves or needles of each 
plant were determined at the end of the tests. Green and 
oven-dry weights of needles and leaves were obtained with a 
Mettler precision balance. The surface area of the hardwood 
leaves was obtained with a planimeter. The surface area of 
needles was obtained by relating a sample of the needle area 
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of each species to weight, and then converting the weight 
of all of the needles to surface area. The surface area of 
a single needle of each species was obtained as follows : 
1. Eastern white pine 
a. Perimeter = 2 x radius / 
b. Surface area = perimeter x length 
2. European larch 
a. Surface area = length x width x 2 
3. Norway spruce 
a. Surface area = length x width x I4. 
Ten needles of each conifer were cut with a razor blade and 
the cross-sectional radius or width was determined with a 
Spencer binocular microscope fitted with a calibrated eye­
piece. After measurements were completed, green and oven-dry 
weights were obtained with a Sartorius balance and a surface 
area-green or oven-dry weight ratio established. 
In the study related to the second objective, the photo-
synthetic rates of eastern white pine and dogwood seedlings 
preconditioned at 10 or 62 percent of full sunlight and at 
0.68 to 1.05 (l8 to 22 percent by weight) or 0.15 to 1.05 
inches (12 to 22 percent by weight) of available soil mois­
ture, were determined at light intensities ranging from 200 
to 10,000 fc. Four replicates were employed. Seedling pre-
treatment, pot irrigation, photosynthesis determinations, 
and leaf area and weight measurements were obtained as de­
scribed under the first objective. 
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In the study related to the third objective, the photo-
synthetic rates of European larch, eastern white pine, Norway 
spruce, dogwood and hazel, preconditioned at 62 percent of 
full sunlight and within an available soil moisture range of 
0.68 to 1.05 inches (18 to 22 percent by weight) were deter­
mined at light intensities ranging from 0 to 350 fc. Four 
replications were used. The compensation point of each 
species was determined as the point where the linear re­
gression line of OOg absorption over light intensity crossed 
the abscissa. Seedling pretreatment, pot irrigation, photo­
synthesis determinations, and leaf area and weight measure­
ments were obtained as described under the first objective. 
Light-preconditioning frames, potted seedlings, photosynthesis 
apparatus, and shade frames are shown in figures 16, 17, 18 
and 19. 
Figure 16. The preconditioning frame in which the mean 
maximum light intensity was 62 percent of 
full sunlight. Measurement of full sunlight 
in the open at noon averaged 8,1(41 fc for the 
two-year period. 
Figure 17. The preconditioning frame in which the mean 
maximum light intensity was 10 percent of 
full sunlight. 
Figure 18. The interior of the mobile photosynthesis 
unit. The NaOH towers are shown at the right. 
Figure 19. Shade frames used in the photosynthesis tests. 
Light intensities of i|, 10, 30 and 100 per­
cent of full sunlight were obtained. Note 
the tubes which connect the potted seedlings 






Survival records were obtained on five species of coni­
fers planted in a brushy area, with four understory treat­
ments. Treatments were check, burned to kill the brush, 
treated with a brush beater to destroy top growth, or treated 
with a hormone brush killer to kill essentially all brush. 
Survival was increased an average of 18 percent by the burn­
ing treatment, 55 percent by beating and 59 percent by spray­
ing. Variability was high, however, because of uncontrolled 
differences in overstory and because of rabbit and deer 
damage, and differences were not statistically significant 
(table Ij.). 
A 2,4-D plus 2,4-,5-T foliage spray applied on August 16, 
1956 to half of each whole plot was ineffective because of 
the lateness of application. Earlier treatment was not possi­
ble because of damage to growing conifers by the brush killer 
spray. Arend (1955) found a marked susceptibility of all 
conifers of determinate growth habit before mid-August, 
These late treatments did not reduce understory competition 
during the critical May to July period. 
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Survival percentages are shown for all treatments in 
table 2, and the same data are grouped without reference to 
the foliage spray in table 3. Table l). contains an analysis 
of variance and figures 20 and 21 plots of the survival data. 
Survival differences among species were significant at the 1 
percent probability level in 1956, 1957 and 1958 (tables 3 
and it-). Duncan's mean range test (Duncan 1955) showed the 
survival of eastern white pine to be significantly greater 
than that of all other species. Norway spruce survival sur­
passed that of Scotch pine, European larch and red pine. 
Differences between European larch and red pine were reversed 
between 1956 and 1958. The differential species response 
fits closely the forester's concept of tolerance. In general, 
with an increase in tolerance there was an increase in sur­
vival. One notable exception was the greater survival of 
eastern white pine, intermediate in tolerance, compared to 
the tolerant Norway spruce. Duncan's test showed the sig­
nificant differences among the species-treatment interactions 
to be attributable solely to species. 
A significant reduction in the survival of all species 
from the fall of 1956 to the fall of 1957 is shown in tables 
3 and Ij.. Spring survival of 1957 was not appreciably dif­
ferent from the fall survival of 1956; and the marked in­
crease in mortality occurred during the second growing 
season. Some of this mortality was presumably due to insuf­
ficient release from understory competition, but much of it 
Table 2. Seedling survival of five coniferous species under four understory 
and two foliage spray treatments 
Species 
Survival - percentage8, 
Growing Understory Foliage Red European Scotch Norway Eastern 
season treatment spray" pine larch pine spruce white pine Mean 
Check 3 30 31 66 73 4i 
Burn 6 37 57 67 76 4-9 
Beater 23 50 56 7k 77 56 
Basal spray 38 58 60 71 81 62 
Mean 18 44 5i 70 77 52 
Check Applied 0 10 27 29 46 20 
Not applied 0 12 13 26 38 13 
Burn Applied 6 6 29 29 51 22 
Not applied 8 0 18 26 37 13 
Beater Applied 17 6 28 31 47 22 
Not applied 22 2k 35 31 51 30 
Basal spray Applied 20 13 3h 21 52 27 
Not applied 36 23 31 28 51 31 
Mean Applied 8 2 2k 22 , 57 22 
Not applied 12 9 18 22 48 22 
aTests of significance of mean differences determined by Duncan's mean range 
test, Duncan (1955)» 
^Foliage spray not applied until August 15, 1956. 
Table 2 (Continued) 
Species 
Survival - percentage8-
Growing Understory Foliage Red European Scotch Norway Eastern 
season treatment spray" pine larch pine spruce white pine Mean 
Check Applied 0 3 17 18 38 15 
Not applied 0 1 1 k 13 k 
Burn App lied 0 1 15 16 ko lk 
Not applied 2 0 3 8 28 8 
Beater Applied 9 0 lk 20 ip. 17 
Not applied 9 6 26 22 50 23 
Basal spray Applied 19 2 27 7 57 22 
Not applied 17 2 17 13 5o 20 
Mean Applied 7 2 18 15 a 17 
Not applied 7 2 12 12 35 14 
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Figure 20. Seedling survival of five coniferous species 
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Figure 21. Seedling survival of five coniferous species 
under four understory treatments, 1958. 
Table 3. Seedling survival of five coniferous species under four understory 
treatments 
Species 
Survival - percentage8. 
Growing Understory Red Europe an Scotch Norway Eastern 
season treatment pine larch pine spruce white pine Mean 
1956 Check 3 30 31 66 73 41 
Burn 6 37 57 67 76 49 
Beater 23 50 56 74 77 56 
Basal spray 38 58 60 7 1  81 62 
Mean 18 44 51 70 77 52 
1957 Check 0 4 12 22 44 16 
Burn 2 0  16 21 48 17 
Beater 12 8 27 27 57 26 
Basal spray 27 10 29 18 62 29 
Mean 10 6 21 22 52 22 
1958 Check 0 2 9 11 26 10 
Burn 1 0 9 12 $ 11 Beater 9 3 20 22 20 Basal spray 18 2 22 10 54 21 
Mean 7 2 15 13 4o 15 
aTests of significance of mean differences determined by Duncan's mean 
range test, Duncan ( 1955)• 
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Table 4« Analysis of variance of seedling survival of 
five coniferous species under four understory 
and two foliage spray treatments 
Growing Sum of Mean 
season Source df squares square 
1956 Replication (R) 





1957 Replication (R) 
Understory treatment (T) 
Error (a) 








1958 Replication (R) 
Understory treatment (T) 
Error (a) 








Significant at 1 percent probability level. 
^Significant at 5 percent probability level. 
a 189 94 
3 2,006 669 
6 i,44i 240 
it- 11,407 2,852** 
12 1,229 102* 
32 1,547 48 
2 1,530 765 
3 3,184 1,061 
6 1,659 276 
1 13 13 
3 698 233 
8 1,488 186 
4 20,826 5,206*2 
12 2,436 203** 
4 564 141 
12 434 36 





6 1,874 312 
1 482 482 
3 783 261 
8 1,671 209 
4 15,977 3,994? 
12 1,826 152* 
4 352 88 
12 867 72 
64 4,363 68 
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was undoubtedly due to overstory shading. In areas where 
understory vegetation had been adequately suppressed, light 
intensity readings averaged no higher than 700 fc under the 
overstory canopy on a clear day at noon. 
High mortality and excessive rabbit damage over the 
three-year period prevented satisfactory measurements of 
height and diameter growth of plants of all species within 
certain treatments. However, weighted means were used to 
evaluate trends of height growth per plant, shown in table 5« 
Three-year seedling height growth per plant as an average of 
all species under burned, brush beater and basal spray treat­
ments was approximately 12, 27 and 22 percent greater than on 
the check plots. The differences, although small, help to 
emphasize the need for more intense treatment of understory 
and overstory vegetation. 
Table 5. Three-year seedling height growth per plant of 
five coniferous species under four understory 
treatments 
Species 
Height growth - inches 
Understory Red Norway Eastern Scotch European Weighted 
treatment pine spruce white pine pine larch mean 
Check - 4.7 6.k 8.2 9.6 6.4 
Burn 5.0 4.8 7.8 10.0 8.6 7.2 
Basal spray 5«3 5«5 7.8 10.5 12.5 7.7 
Beater 5.7 6.0 8.5 11.1 8.4 8.1 
Wtd. mean 5*4 5*5 7.8 9.8 10.2 7.5 
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Height growth differences per plant among species 
varied considerably from survival differences. Three-year 
height growth of individual plants of European larch and 
Scotch pine averaged approximately 10 inches, eastern white 
pine 8 inches, and Norway spruce and red pine $ inches 
(figure 22). Subsequent experiments conducted with European 
larch, eastern white pine and Norway spruce under controlled 
conditions at the State Forest Nursery indicate that these 
growth rates were far below the potential of the species. 
Further evidence for the need of a more intensive removal 
of competing vegetation is thus shown. 
The ineffectiveness of the foliage spray of 2, i|-D plus 
2,1|.,5-T applied in August, 1956 was shown again in the small 
and inconsistent differences in height growth per plant be­
tween treated and untreated subplots (table 6). Total height 
growth of all species, indicative of stand yield, was increased 
approximately l£ percent by the burning treatment, Ijlj- percent 
by basal spraying and $0 percent by beating. Although dif­
ferences in total height growth among species were not as 
closely related to tolerance as survival differences, the 
greater height growth response of the more intolerant pines 
and larch to understory release is explained more easily in 
light of the forester's tolerance concept (figure 23). 
Figure 22. Three-year seedling height growth per plant 
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Figure 23. Three-year total height growth of five 
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Table 6. Three-year seedling height growth per plant of five coniferous 
species under four understory and two foliage spray treatments 
Species 
Height growth - inches 
Understory Foliage Red Norway Eastern Scotch European Weighted 
treatment spray pine spruce white pine pine larch mean 
Check Applied 2.1}* 4.7 6.8 g.4 10.2 6.8 
Not applied 2.4 i.o 5.2 5.6 8.3 5.2 
Burn Applied - 4.6 8.3 9.9 8.6 7.6 
Not applied §.o 5.1 6.9 10.0 - 6.3 
Basal spray Applied 5.5 4.7 6.9 9.4 11.9 7.1 
Not applied 5.2 6.0 8.8 12.2 13.1 8.4 
Beater Applied 6.3 5.4 8.1 10.8 - 7.6 
Not applied 5.0 6.5 8.7 13.3 8.4 8.4 
Wtd. mean Applied 5.8 4.9 7.5 9.6 10.0 7.2 
Not app lie d 5.1 6.1 8.0 11.3 9.6 7.8 
aGrowth for 1956 only. 
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Difference s in diameter growth per plant among species 
and treatments were not statistically significant (tables 7 
and 8). A comparison of the diameter growth per plant at 
the Brayton Forest and State Nursery emphasizes again that 
the growth rates were far below the potential of the species. 
Table 7. Two-year seedling diameter growth per plant of 
five coniferous species under four understory 
treatments 
Species 
Diameter growth - inches 
Understory Red Norway Eastern Scotch European Weighted 
treatment pine spruce white pine pine larch mean 
Check .00 .01+ .01+ .Ok .06 .05 
Burn .02 . 06 . 01+ .0/ .06 . 05 
Basal spray .06 .05 .05 .01+ .05 .05 
Beater .06 .05 .08 .06 .06 .07 
Wtd. mean .05 .05 .06 .06 .07 .05 
Table 8. Two-year seedling diameter growth per plant of five coniferous 
species under four understory and two foliage spray treatments 
Species 
Diameter growth - inches 
Understory Foliage Red Norway Eastern Scotch European Weighted 
treatment spray pine spruce white pine pine larch mean 
Check Applied .00 .04 .04 .04 .08 .04 
Not applied .00 .04 .Ok .08 .05 .04 
Burn Applied .03 .07 .05 .06 .21 .06 
Not applied .02 .05 .03 .05 .00 .03 
Basal spray Applied .03 .02 .Ok .02 .07 .Ok 
Not applied .06 .06 .07 .02 .05 .07 
Beater Applied .06 .02 .08 .04 .08 .05 
Not applied .05 .06 .08 .04 .07 .08 
Wtd. mean Applied .04 .04 .05 .07 .07 .05 
Not applied .07 .07 . 06 .06 .06 .07 
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Density of understory and overstory canopy 
Survival was determined for five species of conifers 
planted in three areas chosen for over st ory-und er st ory 
density. Overstory densities in three areas were none or 
moderate. Original understory canopies within the moderate 
overstory were sparse and moderately sparse; within the no 
overstory area the original understory was dense. Three 
replicates were established within each of the three 
overstory-understory canopies. Understory vegetation 
within each of the nine replicates was treated by cutting 
at one of four rates; (1) uncut, (2) one-third cut, (3) 
two-thirds cut, and (1+) clear cut. Understory treatment was 
the most important factor in this experiment, and the four 
cutting treatments resulted in light intensities of 14, 18, 
33 and 71 percent of full light at seedling heights, as an 
average of all overstory and original understory covers. 
Survival as an average of all species grown in the 
blocks which had originally a moderate overstory and a 
moderately sparse understory, or a moderate overstory and 
a sparse understory canopy was 37 and 43 percent higher 
than that in the block which had originally no overstory 
and a dense understory. These differences are averages 
of all cutting treatments, and were affected by the rapid 
sprouting and dense weed growth in the dense understory 
block which reduced the effectiveness of the cutting 
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treatments. Differences were significant at the 1 percent 
level. Shirley (191)5) concluded that the success of conifer­
ous seedling development was controlled far more by the 
competition of a dense understory than by that of an average 
overstory. 
Survival in the plots with clearcut understory, where 
light averaged 71 percent of full light, was 33 to 71 percent 
higher than that in the plots with more understory growth 
and light intensities of 33 to lit- percent. These differences 
were generally significant at the 1 percent level, and are 
in addition to the effects of the original cover, although 
in part related to them. 
Differences among the plants at the three lower light 
intensities were not significant, but survival of all species, 
except Norway spruce, increased with light intensity from 33 
to 71 percent of full sunlight. These data corroborate the 
findings of Kozlowski (191+9), Costing and Kramer (191+6) and 
Shirley (191+5) • 
Survival percentages are shown for the overstory-
understory canopies in table 9, and for the intensity of 
light with varying cutting treatments in table 10. An analy­
sis of variance is shown in table 11, and a graphical repre­
sentation of the survival data in figures 21+ and 25-
Table 9. Seedling survival of five coniferous species under three overstory-
understory canopies 
Species 














white pine Mean 
1956 - b no,du 21 43 56 84 75 56 
mo,msu 20 36 71 71 75 54 
mo,su& 21 44 66 85 69 57 
Mean 21 41 64 80 73 56 
1957 no, du 13 16 9 30 44 22 
mo,msu 12 20 29 50 72 37 
mo, su 17 30 32 68 64 k2 
Mean 14 22 23 49 60 34 
1958 no, du k 9 1 17 29 12 
mo,msu 10 18 20 42 67 32 
mo, su 12 20 24 48 55 32 
Mean 9 16 15 36 5o 25 
aTests of significance of mean differences determined by Duncan's mean 
range test, Duncan (1955)• 
^No overstory, dense understory. 
^Moderate overstory, moderately sparse understory. 
^Moderate overstory, sparse understory. 




vi A v) A AM 4" o rrÛ Survival - percentage a percoiru 8tg9 
Growing of full Scotch Red Norway European Eastern 
season sunlight pine pine spruce larch white pine Mean 
1956 14 15 28 75 68 77 53 
18 20 42 57 81 70 54 
33 23 29 64 80 72 54 
71 23 71 62 91 72 74 
Mean 21 41 64 80 73 56 
1957 14 8 9 31 32 65 29 
18 8 11 17 42 52 26 
33 19 11 24 44 62 32 
71 20 57 19 80 68 49 
Mean 14 22 23 49 60 34 
1958 14 4 7 23 20 54 22 
18 6 2 10 27 37 16 
33 8 6 15 24 48 20 
71 16 47 13 70 63 42 
Mean 9 16 15 36 50 25 
aTests of significance of mean differences determined by Duncan's mean 
range test, Duncan (1955). 
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Table 11. Analysis of variance of seedling survival of 
five coniferous species under three overstory-
understory canopies and at four light intensity 
levels 
Growing Sum of Mean 
season Source df squares square 
1956 Over s t ory-under story ( 0) 2 145 72 
Replications/Overstory (R/0) 6 965 l6l 
light intensity (L) 3 2 , 063 688* 
LxO 6 801 134 
LxR/0 18 2,720 151 
f* 
sxo 8 il458 '182: 
Species (S) 4 37,663 9,^16^ 
SxL 12 5,719 477** 
SxOxL 2k 2,075 86 
Error (c) 96 8,80I4. 92 
1957 Over st ory-under story (0) 2 8,607 I}., 3 0I4.** 
Replications/Overstory (R/0) 6 2,052 342 
Light intensity (L) 3 7,937 2,646** 
LxO 6 2,1*42 407 
LxR/0 18 3,737 208 
Species (S) 4 30,958 7,74<f* 
SxO 8 1,998 25(Ç* 
SxL 12 7,350 612** 
SxOxL 24 1,989 83 
Error (c) 96 9,149 95 
1958 Overstory-understory (0) 2 13,420 6,710** 
Replications/Overstory (R/0) 6 1,672 279 
Light intensity (L) 3 11,883 3,961** 
LxO 6 1,879 313 
LxR/0 18 4,428 246 
Species (S) 4 24,161 6,04<£* 
SxO 8 1,940 242** 
SxL 12 7,281 607** 
SxOxL 24 2,486 104 
Error (c) 96 8,727 91 
*Significant at 5 percent probability level. 
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Figure 2I4.. Seedling survival of five coniferous 
species at four light intensity levels, 
1956. 
Figure 25» Seedling survival of five coniferous species 
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The average soil temperatures during the growing season 
at three soil depths and four light intensity levels are 
shown in table 12 and illustrated in figure 26. Daily tem­
perature fluctuations are shown in figure 27, growing season 
fluctuations in figure 28. Soil temperatures and available 
soil moisture levels were not appreciably different among 
the cutting treatments. The average surface soil temperature 
of the plots receiving 71 percent of full sunlight intensity 
exceeded the temperature of the plots under 33, 18 and llj. 
percent of sunlight by no more than 4°P throughout the growing 
seasons of 1956, 1957 and 1958. The highest average soil 
temperature difference between the soil surface and the 
three-inch soil depth was no greater than 6°P under 71 per­
cent of full sunlight. Differences of average soil tempera­
tures among the light intensity treatments varied no more 
than 2°P at the three-inch soil depth. 
The average available soil moisture during the growing 
season at three soil depths and four light intensity levels 
is shown in table 13 and illustrated in figure 29. Growing 
season fluctuations in available soil moisture are shown in 
figure 30. Three-year average differences in available soil 
moisture rarely exceeded 1 inch per 3 feet of soil depth 
among the plots. The highest average available soil moisture 
difference between the 0-1 foot depth and the 2-3 foot depth 
was no more than 1 inch under 7l percent of full sunlight. 
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Table 12. Average soil temperatures during the growing 
season at three soil depths and four light 
intensity levels 
light intensity - percentage 
of full sunlight 
Soil depth- Temperature - °F 
Year inches II4. 18 33 71 Mean 
1956 0 72 70 70 76 72 
1 68 68 68 72 69 
3 66 67 66 66 66 
Mean 67 68 67 69 68 
1957 0 62 62 62 65 63 
1 60 60 60 62 60 
3 58 58 59 60 59 
Mean 60 60 60 62 61 
1958 0 72 70 7o 75 72 
1 68 68 67 70 68 
3 66 66 65 68 66 
Mean 69 68 67 71 69 
Mean 0 67 66 66 70 68 
1 65 65 65 68 66 
3 63 64 63 65 64 
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Figure 26. Three-year average soil temperature at three 
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Figure 27. Daily fluctuations of three-year average 
surface soil temperatures at four light 
intensity levels. 
Figure 28. Growing season fluctuations of three-year 
average surface soil temperatures at four 
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Figure 29. Three-year average available soil moisture 
at three soil depths and four light intensity 
levels. 
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APRIL JUNE AUGUST OCTOBER 
Figure 30. Growing season fluctuations of three-year 
average available soil moisture at four light 
intensity levels. 
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Table 13. Average available soil moisture during the 
growing season at three soil depths and four 
light intensity levels 
Light intensity - percentage 
of full sunlight 
Soil depth-
feet 
Available i 3oil moisture - inches 











































































Total 6.25 6.41 6.92 6.79 6.59 
The average difference between the available soil moisture 
of low and high light intensity plots did not exceed 0.67 
of an inch. 
The low soil temperature and available soil moisture 
differences among all plots indicate sufficient uniformity 
to preclude them as primary causal factors in the 
Ill 
differential coniferous seedling response. Obviously, seed­
ling behavior must be considered the net result of all 
interacting environmental and genetic factors. However the 
general lack of major differences among soil temperatures, 
soil moistures, soil fertility and physical characteristics 
of the soil (see soil profile descriptions in the Appendix) 
lend credence to the emphasis placed on light intensity as 
one of the more important controlling environmental factors. 
Survival differences among species were significant at 
the 1 percent probability level for the three-year period 
(tables 10 and 11). Eastern white pine survival was sig­
nificantly greater than that of all other species. European 
larch survival surpassed that of red pine, Norway spruce and 
Scotch pine. Differences between red pine and Norway spruce 
were reversed between 1956 and 1958, but both gave greater 
survival than Scotch pine. The statistically significant 
differences among spe cle s-over story interactions were at­
tributable solely to species, and the significant species-
light intensity interactions were related to species toler­
ance. Survival of the intolérants, European larch, red pine 
and Scotch pine, increased with light intensity from 33 to 
71 percent of full sunlight, while survival of the tolerant 
Norway spruce decreased. Eastern white pine, intermediate 
in tolerance, gave variable responses over the three-year 
period. 
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Survival differences among species within overstory-
under s tor y canopies are shown in table ll|.j an analysis of 
variance is shown in table 11, and graphical representation 
of species survival in figures 24 and 2$. 
Weighted means were again used to evaluate height and 
diameter growth of all species because of high mortality and 
excessive rabbit damage within certain treatments. Three-
year height growth per plant, as an average of all species, 
was 9*6 inches for the no overstory-dense understory canopy, 
10.3 inches for the moderate overstory-sparse understory, 
and 11.5 inches for moderate over st ory-moderately sparse 
understory. The severity of competition for nutrients, 
water and light under the no overstory-dense understory 
cover was apparently comparable to that shown in the survival 
data. 
Height growth under 71, 33, 18 and 14 percent of full 
sunlight was llj..6, 9.4, 7.8 and 7.9 inches respectively. 
Height growth of all species increased with light intensity 
from 18 to 71 percent of full sunlight. 
Three-year height growth per plant was 18.1}. inches for 
European larch, 8.9 inches for Scotch pine, 8.6 for eastern 
white pine, 5-6 for red pine and 5*1 for Norway spruce. The 
increased height growth response of all species in this 
study over the initial experiment probably resulted from a 
more intensive release of the conifers from overstory and 
understory competition in many of the plots. However, 
Table llj.. Seedling survival of five coniferous species under three overstory 
understory canopies and at four light intensity levels 
Light-
Overstory- percentage 
Growing understory of full 
season canopy light 
Species 
Survival - percentage8 
Scotch Red 
pine pine 
Norway European Eastern 
spruce larch white pine Mean 
1956 no, du 
mo, su 
14 10 19 59 81 70 48 
18 23 5o 55 83 79 58 
33 2k 33 62 86 72 55 
71 25 70 49 87 79 62 
14 24 37 80 72 80 59 
18 22 41 5o 89 64 53 
33 19 29 58 86 67 52 
71 19 70 76 92 64 64 
14 11 29 86 52 81 52 
18 14 34 66 70 68 5o 
33 27 8 72 68 78 51 
71 11 29 86 52 81 52 
Mean 21 41 64 80 73 56 
aTests of significance of mean differences determined by Duncan's mean range 
test, Duncan (195)5). 
^No overstory, dense understory. 
^Moderate overstory, moderately sparse understory. 
^Moderate overstory, sparse understory. 
Table II4. (Continued) 
Light-
Species 
















white pine Mean 
no, du 14 1 0 16 8 38 13 
18 1 6 3 10 32 10 
33 26 9 5 29 49 24 
71 22 48 10 72 76 46 
mo,msu 14 22 17 42 56 77 43 
18 18 23 26 72 59 40 
33 13 21 34 62 67 39 
71 14 60 25 83 57 48 
mo, su Ik 2 11 35 32 79 32 
18 6 3 23 44 64 28 
33 18 12 34 4o 71 33 
71 23 62 23 % 72 53 
Mean 14 22 23 49 60 34 
no, du lk  0 0 2 1 22 5 
18 0 0 0 4 13 3 
33 1 0 0 9 15 5 
71 15 36 2 52 67 34 
mo,rn.su lk  10 12 38 35 67 32 
18 12 5 13 46 42 24 
33 11 18 23 39 61 30 
71 13 46 19 73 51 41 
mo, su 14 1 9 25 25 74 27 
18 6 2 16 31 55 22 
33 13 0 21 25 67 25 
71 20 60 17 85 72 51 




height growth was still considerably below the potential 
shown in the State Nursery experiments. Relative develop­
ment of all species is shown in figures 31 through 35» 
Height growth per plant is shown for all treatments in 
table 15, and the same data are grouped without reference 
to the over s t ory-under story canopies in table 16. A plot 
of height growth per plant and total height growth, indica­
tive of stand yield, is shown in figures 36 and 37. 
Diameter growth per plant, as an average of all species, 
increased 20 percent from an original canopy of moderate 
overstory-sparse understory to moderate overstory-moderately 
sparse understory and 60 percent to no overstory-dense under­
story. The marked response of the intolerant species, Scotch 
pine and European larch, to 71 percent light intensity treat­
ment, obtained with no overstory and clear cutting of the 
dense understory, probably accounts for the reversal in favor 
of the no overstory-dense understory block. The few stems 
surviving under this combination of high light intensity and 
no overstory were exposed to optimum conditions for producing 
maximum cambial growth. While diameter growth of the toler­
ant Norway spruce decreased slightly, growth of all other 
species increased with light intensity from 33 to 7l percent 
of full sunlight. 
Two-year seedling diameter growth is shown for all treat­
ments in table 17, and the same data are lumped without 
Figure 31. Better than average growth of European larch 
on one of the clear cut plots. Average height 
growth was 2 feet after three growing seasons. 
Figure 32. Better than average growth of Scotch pine on 
one of the clearcut plots. Average height 
growth was 17 inches after three growing 
seasons. 
Figure 33. Better than average growth of eastern white 
pine on one of the clearcut plots. Average 
height growth was 17 inches after three 
growing seasons. 
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Figure 34* Better than average growth of red pine on one 
of the clearcut plots. Average height growth 
was approximately 10 inches after three 
growing seasons. 
Figure 35* Better than average growth of Norway spruce on 
one of the clearcut plots. Average height 
growth was approximately 9 inches after three 
growing seasons. 
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Table 15. Three-year seedling height growth per plant of five coniferous 
species under three over st ory-under st ory canopies and at four 









Height growth - inches 
Norway Red Eastern Scotch 





no,dua 14 4-7 5.6 18.8 5.6 
18 - 4.8 f.7 12.6 7.1 
33 - - 8.9 - 17.9 10.5 
71 9.2 9.3 11.5 14.9 23.6 14.6 
Wtd. mean 4.2 3.9 7.6 7.2 18.2 9.6 
b 
mo, su lk  5.5 4.8 8.9 10.0 14.7 9.1 
18 4.1 5.4 7.0 7.6 15.7 8.6 
33 6.6 6.5 5.6 6.9 15.7 9.6 
71 6.4 6.5 12.4 13.0 20.3 13.1 
Wtd. mean 5.7 5.8 8.4 9.3 16.5 10.3 
mo,msu° 4.3 7.6 8.1 6.4 9.1 7.3 
18 5.0 - 7.9 9.5 13.0 8.4 
33 5.8 7.8 6.5 8.7 13.4 7.8 
71 7.5 10.4 16.4 15.5 20.7 15.5 
Wtd. mean 5.6 6.9 9.7 10.3 20.2 11.5 
aNo overstory, dense understory. 
^Moderate overstory, sparse understory. 
^Moderate overstory, moderately sparse understory, 
Table 16. Three-year seedling height growth per plant of five coniferous 










































Wtd. mean 5.1 5.6 8.6 8.9 18. 4 10.4 
Figure 36. Three-year seedling height growth per plant 
of five coniferous species at four light 
intensity levels. 
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Figure 37. Three-year total height growth of five 
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Table 17. Two-year seedling diameter growth per plant of five coniferous 
species under three over st ory-under st ory canopies and at four 
light intensity levels 
Species 
Overstory- pe^fntlge Blaster growth - Inches 
understory of full Norway Red Eastern Scotch European Weighted 




11* .06 .06 .07 .08 .05 .06 
18 - .04 .04 .06 .12 .04 
33 .03 .05 .07 .03 .09 .08 
71 .10 .11 .20 .17 .20 .18 
Wtd. mean .04 .09 .09 .09 .12 .10 
14 .01 .07 .06 .03 .04 
18 .04 - .07 .10 .08 .09 
33 .09 .13 .12 .02 .03 .05 
71 .14 .14 .25 .17 .18 .20 
Wtd. mean .05 .11 .15 .12 .13 .12 
14 .06 M .12 
18 - - -
.04 .05 .02 
33 - - .06 - .17 — 
71 .14 .13 .18 .19 .27 .20 
Wtd. mean .08 .11 .14 .22 .23 .16 
Moderate overstory, sparse understory. 
^Moderate overstory, moderately sparse understory. 
cNo overstory, dense understory. 
Table 18. Two-year seedling diameter growth per plant of five coniferous 
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Figure 38. Two-year seedling diameter growth per plant of 
five coniferous species at four light intensity 
levels. 
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reference to the over st or y-under st or y canopy in table 18. 
Graphical representation is shown in figure 38. 
Nursery Investigations 
Survival and growth 
Two-year green weight of growth of three coniferous 
and two hardwood species was determined at two soil moisture 
and three light intensity levels. The soil moisture was 
maintained at a level close to the field capacity or at one 
which varied between the wilting percentage and the field 
capacity; midday light intensities at the three levels 
averaged I4.8I4.» 3>486 and 7,125 fc over the two-year period. 
Green weight of growth per plant was approximately 22g at 
484 fc, 58g at 3,486 fc and 80g at 7,125 fc. Growth dif­
ferences among light intensity levels were significant at 
the 1 percent probability level (table 22). Green weight 
of shoot and root growth increased approximately 2$0 percent 
from 484 to 7,125 fc. Shoot-root ratios decreased 6 percent 
from 4^4 to 3,486 fc and then increased 6 percent from 3,486 
to 7,125 fc. 
Green weight of growth per plant was 10 percent greater 
at a soil moisture level close to field capacity than at 
that which varied between near wilting and the field ca­
pacity. Green weight of shoot growth was 3.7g, and root 
130 
growth 1.5g higher under the high soil moisture level. 
Shoot-root ratios decreased approximately 2 percent with 
the increase in soil moisture. Growth differences at the 
two soil moisture levels were significant at the 5 percent 
probability level (table 22). 
Green weight of growth is shown for all treatments in 
table 19, and the same data are grouped without reference 
to soil moisture level in table 20, and without reference 
to light intensity in table 21. An analysis of variance is 
shown in table 22, and graphical representations in figures 
39 and 1|.0. Typical plant development under the three in­
tensities of light is shown in the plot photographs in 
figures 1|1, i|2 and l|3. 
Soil temperatures and relative humidities were not ap­
preciably different among treatments. The average surface 
soil temperature of the plots receiving 7,125 fc exceeded 
the temperature of the plots under 3,486 and 481+ fc by no 
more than 5°P in the two-year period. The highest average 
soil tenperature difference between the soil surface and the 
three-inch depth was less than 5°F with 7,125 fc of light. 
Differences of average soil temperatures among the light 
intensity treatments varied no more than 4°F at the three-
inch soil depth. 
The average soil temperatures during the growing season 
at three soil depths and three light intensity levels are 
Table 19. Two-year green weight of growth per plant and shoot-root ratios of 
two hardwood and three coniferous species at three light intensity 
and two soil moisture levels 
Species 
intensity- soiTtolStLe Green weight of growth - firam8a 
foot inches per two Norway Eastern European 
candles feet of depth Dogwood Hazel spruce white pine larch Mean 
Total 
0.55 to 4.29 12.1 29.5 20.2 27.0 30.8 23.9 
2.77 to 4.29 18.0 19.6 11.7 35.1 26.8 22.2 
3,486 0.55 to 4-29 27.1 40.0 45.4 69.3 87.5 53.9 
2.77 to 4.29 40.0 42.8 h6.6 79.2 84.3 58.6 
7,125 0.55 to 4.29 41.3 38.1 58.6 71.6 157.3 73.4 
2.77 to 4.29 54-5 62.2 50.9 90.8 172.2 86.1 
Shoot 
484 0.55 to 4-29 6.2 17.9 15.4 21.0 25.0 17.1 
2.77 to 4.29 10.9 12.8 9.1 26.1 21.8 16.1 
3,486 0.55 to 4.29 16.2 17.7 33.3 50.6 68.9 37.4 
7,125 
2.77 to 4.29 24.8 28.2 33.8 58.0 67.0 42.4 
0.55 to 4.29 25.7 22.5 40.2 56.4 127.5 54.5 
2.77 to 4.29 31.1 33.2 36.4 67.4 140.3 61.7 
aTests of significance of mean differences determined by Duncan's mean 
range test, Duncan (1955). 
Table 19 (Gontinued) 
Species 
int^lty- soiriolsSu-e- Sreen weight of growth - grams* 
foot inches per two Norway Eastern European 
candles feet of depth Dogwood Hazel spruce white pine larch Mean 
Root 
484 o.55 to 4-29 5.9 11.6 4.8 6.0 5.8 6.8 
2.77 to 4.29 7.1 6.8 2.6 9.0 5.0 6.1 
3,486 0.55 to 4.29 10.9 22.3 12.1 18.7 18.6 16.5 
2.77 to 4.29 15.2 14.6 12.8 21.2 17.3 16.2 
7,125 0.55 to 4.29 15.5 15.6 18.4 15.2 29.8 18.9 
2.77 to 4.29 23.5 29.0 14.5 23.4 31.9 24.4 
Shoot - root ratio 
484 0.55 to 4.29 1.05 1.54 3.21 3.50 4.31 2.52 
3,486 
2.77 to 4.29 1.54 1.83 3.5 0 2.90 4.36 2.64 
0.55 to 4-29 1.49 0.79 2.75 2.70 3.70 2.26 
7,125 
2.77 to 4.29 1.63 1.93 2.64 2.73 3.87 2.62 
0.55 to 4.29 1.66 1.44 2.18 3.70 4.27 2.88 
2.77 to 4-29 1.32 1.14 2.51 2.88 4.40 2.53 
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Table 20. Two-year green weight of growth per plant and 
shoot-root ratios of two hardwood and three 






























































































































*Tests of significance of mean differences determined by 
Duncan's mean range test, Duncan (1955). 
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Table 21. Two-year green weight of growth per plant and 
shoot-root ratios of two hardwood and three 
coniferous species at two soil moisture levels 
Available 
soil Specie 3 
inches^per Green weight of growth - gramsa 
two feet Norway Eastern European 
of depth Dogwood Hazel spruce white pine larch Mean 
Total 
0.55 to 4.29 26.8 35.8 
2.77 to 4.29 37.5 41.5 
Mean 32.1 38.7 
0.55 to 4.29 16.0 19.3 
2.77 to 4.29 22.3 24.7 
Mean 19.1 22.1 
0.55 to 4.29 10.8 16.5 
2.77 to 4.29 15.2 16.8 





















0.55 to 4.29 1.48 1.17 
2.77 to 4.29 1.47 1.47 






























aTests of significance of mean differences determined by 













LIGHT INTENSITY-1000 FOOT CANDLES 
Figure 39. Two-year green weight of growth per plant of 
two hardwood and three coniferous species at 
three light intensity levels. 
Figure I4.O. Two-year green weight of growth per plant of 
two hardwood and three coniferous species at 




— 0.55 to 4.29" available moisture 







' 0  1  2 3 4 5 6 7 8 9  
LIGHT INTENSITY-1000 FOOT CANDLES 
One of three plots in which seedlings were 
grown under 7,125 fc of light ; greenhouse in 
background is just being removed. Note the 
apparent vigor of all species. 
One of three plots in which seedlings were 
grown under 3,436 fc of light ; greenhouse in 
background is just being removed. Note the 
relative similarity in the apparent vigor of 
these plants with those in figure 41* 
One of three plots in which seedlings were 
grown under I4B4 fc of light; greenhouse in 
background is just being removed. Note the 
marked reduction in size and vigor of these 




Table 22. Analysis of variance of two-year green weight 
of growth per plant of two hardwood and three 
coniferous species at three light intensity 
















































^Significant at 1 percent probability level. 
£ Significant at 5 percent probability level. 
shown in table 23 and illustrated in figure 44* Daily tem­
perature fluctuations are shown in figure 45 j growing season 
fluctuations in figure 46. 
Two-year average differences in relative humidity rarely 
exceeded 4 percent among the plots. Two-year average rela­
tive humidity during the growing season at three light in­
tensity levels is shown in table 24* Daily relative humidity 
i4i 
Table 23. Average soil temperatures during the growing 
season at three soil depths and three light 
intensity levels 
Light intensity - foot candles 
Year 
ooxx aepun 
inche s 464 3,486 7,125 Mean 
1957 0 73.4 75.3 80.3 76.3 
1 71.5 73.2 78.2 74.3 
3 69.9 71.0 75.9 72.3 
Mean 71.6 73.2 78.1 74.3 
1958 0 76.5 77.7 79.2 77.8 
1 73.4 74-4 76.4 74.7 
3 70.6 71.3 73.6 71.8 
Mean 73.5 74.5 76.4 74.8 
Mean 0 75.0 76.5 79.8 77.1 
1 7 2.5 73.8 77.3 74.5 
3 70.3 71.2 74.8 72.1 
Mean 72.6 73.8 77.3 74.6 
Table 2l|_. Average relative humidities during the growing 
season at three light intensity levels 
Light intensity - foot candles 
Relative humidity - percentage 
Year hfik  3,1*56 7,125 Mean 
1957 59.8 60.4 59.4 59.7 
1958 66.2 65.0 65-4 65.5 
Mean 63.0 62.7 62.4 62.6 
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or 75 
0 12 3 
LIGHT INTENSITY 
4 5 6 7 8 
1000 FOOT CANDLES 
Figure l}i|. Average soil temperatures during the growing 
season at three soil depths and three light 
intensity levels. 
143 
8 5  
7,125 foot candles 
3,486 foot candles 
484 foot candles 
80 
x 7 5  
7 0  
6 5  
I-2PM 5-6PM 9-IOAM 
TIME OF DAY 
Figure 45 Daily fluctuations of average surface soil 
temperatures during the growing season at 
three light intensity levels. 
ili4 
7,125 foot candles 
3,486 foot candles 
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TIME OF YEAR 
SEPT 
Figure 1|6. Average surface soil temperature fluctuations 
during the growing season at three light 
intensity levels. 
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fluctuations are shown in figure 47, growing season fluctu­
ations in figure I4.8. 
Differences among species in green weight of growth 
were significant at the 1 percent probability level for the 
two-year period (tables 20 and 22). European larch was 50, 
139, D|1 and 190 percent heavier than eastern white pine, 
Norway spruce, hazel and dogwood respectively. Eastern 
white pine growth was significantly greater than that of 
Norway spruce, hazel and dogwood. Differences among Norway 
spruce, hazel and dogwood were not statistically significant. 
Differences among species-light intensity interactions, sig­
nificant at the 1 percent probability level, were related 
generally to species tolerance. The green weight of growth 
of the intolerant European larch increased 470 percent from 
484 to 7,125 fc; tolerant Norway spruce 242 percent; and 
tolerant dogwood 217 percent. Green weight of growth of 
eastern white pine, intermediate in tolerance, and intolerant 
hazel was inconsistent with the tolerance concept; growth 
of the former increased l60 percent, that of the latter 105 
percent. 
Differences in green weight of growth among species at 
two soil moisture and three light intensity levels are shown 
in table 19. An analysis of variance is shown in table 22, 
and a plot of the data in figures 39 and 4-0. 
Two-year height growth per plant, as an average of all 
species, increased 45 percent from 4^4 to 3,486 fc but 
ll+6 
_L JL 
484 foot candles 
3,486 foot candles 
7,125 foot candles 
_L 
JUNE JULY AUG 
TIME OF YEAR 
SEPT 
Figure 1|7. Average relative humidity fluctuations during 
the growing season at three light intensity 
levels. 
Figure 1|B. Average daily fluctuations in relative humidity 
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decreased approximately 4 percent from 3,486 to 7,125 fc. 
Light saturation occurred around 3#500 fc for all species 
except European larch. Height growth of the larch increased 
linearly to 7,125 fc. Two-year height growth increased from 
16.8 inches at the lower soil moisture level to 19.0 inches 
at the higher level. Differences in two-year height growth 
per plant between the two soil moisture levels were most 
pronounced in the two hardwood species. Dogwood increased 
21 percent, hazel 16 percent. 
Height growth per plant is shown for all treatments in 
table 25> and the same data with soil moisture levels pooled, 
are found in table 26; graphical representations are shown 
in figures 49 and 50. Photographs illustrating the differ­
ential response of each species to the three light intensity 
and two soil moisture levels are shown in figures 5l, 52, 
53, 54, 55 and 56. 
One-year seedling diameter growth, as an average of all 
species, increased 120 percent from 484 to 3,486 fc and 9 
percent from 3,486 to 7,125 fc. Light saturation occurred 
again at about 3,500 fc for all species except European 
larch. Diameter growth of the larch increased linearly to 
7,125 fc. One-year diameter growth differences at the two 
soil moisture levels were not significant. 
Diameter growth per plant of European larch was 9, 30 
and 71 percent higher than that of dogwood, hazel, and 
eastern white pine and Norway spruce respectively. 
Table 25» Two-year seedling height growth per plant of two hardwood and three 
coniferous species at three light intensity and two soil moisture 
le ve Is. 
Species 
InSSÎty- soil^oisture- EelSht prowth - Inches 
foot inches per two Norway Eastern European 
candles feet of depth spruce white pine larch Hazel Dogwood Mean 
484 0.55 to 4.29 5.2 7.8 14.0 19.4 18.9 13.0 
2.77 to 4.29 6.0 7.5 13.2 18.3 24.2 13-8 
3,4-86 0.55 to 4.29 6.3 10.6 21.9 23.2 33.3 19.1 
2.77 to 4.29 7.7 9.9 19.3 22.8 40.7 20.1 
7,125 0.55 to 4.29 7.1 9.5 24.3 16.6 33.8 18.3 
2.77 to 4.29 7.1 11.1 29.6 27.4 39.2 22.8 
Mean 0.55 to 4.29 6.2 9.3 20.1 19.7 28.6 16.8 
2.77 to 4.29 6.9 9.6 20.7 22.9 34-7 19.0 
Table 26. Two-year seedling height growth per plant of two hardwood and three 
coniferous species at three light intensity levels 
Species 








larch Hazel Dogwood Mean 
484 5.7 7.7 13.6 18.9 21.6 13.4 
3,486 7.0 10.2 20.6 23.0 37.0 19.6 
7,125 7.1 10.4 26.9 22.0 36.5 18.8 
Mean 6.6 9.5 20.3 21.3 31.6 17.9 
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Y Dogwood 
All s o e c i A R  
White pine 
Spruce _#_ 
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LIGHT INTENSITY-IOOO FOOT CANDLES 
Figure 49• Two-year seedling height growth per plant of 
two hardwood and three coniferous species at 
three light intensity levels. 
153 
60 
5 5  










l 2 0  
X 




i 1 1 1 1 1 r 
-0.55 to 4.29" available moisture 
2.77 to 4.29" available moisture 
-A— Dogwood 
-X— Hazel 
-A— All species 
-+— Larch 
-o— White pine 
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LIGHT INTENSITY-IOOO FOOT CANDLES 
e 50. Two-year seedling height growth per plant of 
two hardwood and three coniferous species at 
three light intensity and two soil moisture 
levels. 
Figure $1. Development of eastern white pine at three 
light intensity and two soil moisture levels. 
Treatments from left to right were : I4.8I4. fc 
of light (low moisture, high moisture); 3,^86 
fc of light (low moisture, high moisture); 
7,125 fc of light (low moisture, high moisture). 
Figures 52-53* Development of European larch at three 
intensity and two soil moisture levels. 
Treatments arranged as in figure 5l« 
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Figure 54- Development of Norway spruce at three light 
intensity and two soil moisture levels. 
Treatments from left to right were: J4.8I4. fc 
of light (low moisture, high moisture); 
3,14-86 fc of light (low moisture, high moisture); 
7,125 fc of light (low moisture, high moisture). 
Figure 55» Development of dogwood at three light intensity 
and two soil moisture levels. Treatments ar­
ranged as in figure 54» 
Figure 56 Development of hazel at three light intensity 
and two soil moisture levels. Treatments ar­
ranged as in figure 54-
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Height and diameter growth data aid in an explanation 
of the intense understory competition between the conifers 
and hazel and dogwood encountered at the Brayton Forest. 
Both hardwoods grew at a rate comparable to that of the 
fast growing European larch and eastern white pine at all 
light intensity and soil moisture levels. 
One-year seedling diameter growth per plant for all 
treatments is shown in table 27; data with soil moisture 
levels lumped in table 28. A plot of the data is shown in 
figure 57. 
Photosynthesis tests 
Photosynthetic rates were determined for three conifer­
ous and two hardwood species at light intensities ranging 
from 200 to 10,000 fc. The plants were preconditioned at 10 
or 62 percent of full sunlight and at a soil moisture level 
near field capacity. This phase of the photosynthesis tests 
represents the first of three objectives set up to evaluate 
the relative effect of light and soil moisture on the rates 
of photosynthesis of forest tree seedlings. 
Photosynthesis of all species increased with light in­
tensity until a maximum rate was reached at approximately 
2,500 to 3,000 fc, and then decreased at variable rates with 
an increase in light intensity from 3,000 to 10,000 fc. 
These results have been substantiated for some hardwood 
Table 27. One-year seedling diameter growth per plant of two hardwood and 
three coniferous species at three light intensity and two soil 
moisture levels 
Species 
Diameter growth - inches 
Norway Eastern European 
spruce white pine Hazel Dogwood larch Mean 
m 0.55 to 4.29 .01 .01 .06 • 13 .05 .05 
2.77 to 4.29 .04 .03 .06 .06 .06 .05 
3,486 0.55 to 4.29 .07 .08 .10 .12 .11 .10 
2.77 to 4.29 .11 .11 .12 .14 .14 .12 
7,125 0.55 to 4.29 .12 .11 .11 .13 .18 .13 
2.77 to 4.29 .08 .09 .11 .11 .16 .11 
Mean 0.55 to 4.29 .07 .07 .09 .12 .11 .09 
2.77 to 4.29 .08 .08 .10 .10 .12 .09 
Light Available 
intensity- soil moisture-
foot inches per two 
candles feet of depth 
Table 28. One-year seedling diameter growth per plant of two hardwood and 
















































LIGHT INTENSITY-1000 FOOT CANDLES 
Figure 57. One-year seedling diameter growth per plant of 
two hardwood and three coniferous species at 
three light intensity levels. 
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species by Bormann (1953), Bourdeau (1954), Decker (1954) » 
Kozlowski (1949), Bolster (1950) ; conversely, the rates of 
photosynthesis of some conifers have increased with light 
intensity up to full sunlight (Decker 1954, Kozlowski 1949, 
Kramer and Decker 1944)• Differences in the absolute rates 
of photosynthesis of the same species varied markedly with 
the basis on which the rates were expressed, surface area or 
green weight of leaves. In all species but dogwood, rates 
based on surface area were appreciably higher than those 
based on green weight. The ratios between surface area and 
green and oven-dry weight of leaves varied with species, 
preconditioning light treatment, and soil moistûre level; 
variability of all ratios is shown in the Appendix. 
Photosynthesis of all species was generally higher in 
the plants preconditioned at 10 than at 62 percent of full 
sunlight. These differences were probably attributable to 
leaf structure and carbohydrate accumulation. All plants 
were grown under the same light and soil moisture conditions 
until July to minimize the effect of leaf structure on 
photosynthesis. However, additional growth during the pre­
conditioning period resulted in the development of a few 
shade or sun leaves, especially in the hardwood species. 
Differences in absolute rates of photosynthesis varied 
among species. The maximum photosynthetic rate of hazel 
was 45, 60, 167 and 254 percent higher than that of European 
larch, dogwood, Norway spruce and eastern white pine 
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respectively. Decreases in the rate of photosynthesis with 
an increase in light intensity from approximately 3,000 to 
10,000 fc were most pronounced in eastern white pine and 
Norway spruce. The possible causes of photosynthetic inhi­
bition with high light intensity are discussed in the Review 
of Literature. 
The effect of light intensity on the rates of photo­
synthesis, surface area and green weight basis, of all 
species preconditioned at two light intensities and one soil 
moisture level are shown in figures 58 to 67. Least re­
siduals fit and standard errors of estimate of the curves of 
all species are shown in the Appendix. 
The second objective of the photosynthesis tests was to 
determine the effect of light intensities, ranging from 200 
to 10,000 fc, on the photosynthetic rates of dogwood and 
eastern white pine. Both species were preconditioned at 10 
or 62 percent of full sunlight and at a soil moisture level 
close to field capacity or at a level varying between near 
wilting and the field capacity. 
The maximum rates of photosynthesis of dogwood and 
eastern white pine were attained at 2,000 to 3,000 fc. With 
an increase in light intensity from 3,000 to 10,000 fc, 
there was a slight to marked decline in the photosynthetic 
rate. Differences in the absolute rates of photosynthesis 
of the same species varied again with the basis on which 
the rates were expressed. With few exceptions, the rates 
Figure £8. Effect of light intensity on the phot o synthe tic 
rate of hazel preconditioned at two light in­
tensities and a soil moisture level near field 
capacity, surface area basis. 
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X Mean - 62% precondit ioning 
—A— Individual tests - 10% precondit ioning 
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A Mean - 10% precondit ioning 
—X -  Mean - 62% precondit ioning 
— A —  Individual tests - 10% precondit ioning 
X— Individual tests - 62% precondit ioning 
J. _L ± X _L J. 
0 12 3 4 5 6 7 6 9 
LIGHT INTENSITY - 1000 FOOT CANDLES 
Figure 59. Effect of light intensity on the photosynthetic 
rate of hazel preconditioned at two light in­
tensities and a soil moisture level near field 
capacity, green weight basis. 
Figure 60. Effect of light intensity on the photosynthetic 
rate of European larch preconditioned at two 
light intensities and a soil moisture level 
near field capacity, surface area basis. 
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A Meon - 10% precondit ioning 
Meon - 62% precondit ioning 
—A— Individual tests -  10% precondit ioning 
-  —X— Individual tests - 62% precondit ioning 
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Figure 61. Effect of light intensity on the photosynthetic 
rate of European larch preconditioned at two 
light intensities and a soil moisture level 
near field capacity, green weight basis. 
170 
1 1 1 1 1 r 
A Mean - 10% precondit ioning 
X Mean - 62% precondit ioning 
—A— Individual tests - 10% precondit ioning 
—X— Individual tests - 62% preconditioning 
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Figure 62. Effect of light intensity on the photosynthetic 
rate of dogwood preconditioned at two light 
intensities and a soil moisture level near 




























201 1 1 1 1 1 1 1 
A Mean - 10% preconditioning 
—Mean - 62% preconditioning 
—A— Individual tests - 10% preconditioning 
L —X— Individual tests - 62% preconditioning 
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LIGHT INTENSITY - 1000 FOOT CANDLES 
Figure 63. Effect of light intensity on the photosynthetic 
rate of dogwood preconditioned at two light 
'intensities and at a soil moisture level near 
field capacity, green weight basis. 
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Figure 61+. Effect of light intensity on the photosynthetic 
rate of Norway spruce preconditioned at two 
light intensities and at a soil moisture level 
near field capacity, surface area basis. 
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LIGHT INTENSITY - 1000 FOOT CANDLES 
Figure 65• Effect of light intensity on the photosynthetic 
rate of Norway spruce preconditioned at two 
light intensities and at a soil moisture level 
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Figure 66. Effect of light intensity on the photosynthetic 
rate of eastern white pine preconditioned at 
two light intensity levels and at a soil moisture 
level near field capacity, surface area basis. 
Figure 67. Effect of light intensity on the photosynthetic 
rate of eastern white pine preconditioned at 
two light intensities and at a soil moisture 
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based on surface area were appreciably higher than those 
based on green weight. 
The effect of the soil moisture level on photosynthesis 
varied with preconditioning treatment and species. Rates 
of photosynthesis of eastern white pine preconditioned at 
10 percent of full sunlight were generally higher when grown 
at the high soil moisture level than at the low. Conversely, 
photosynthetic rates of white pine seedlings preconditioned 
at 62 percent of full sunlight were less at the higher than 
at the lower soil moisture level. Rates of photosynthesis 
of dogwood were greater at the lower soil moisture level at 
light intensities less than approximately 3,000 fc, regard­
less of preconditioning treatment. Beyond 3,000 fc, photo­
synthetic rates were greater at the higher soil moisture 
level. 
Differences in absolute rates of photosynthesis varied 
among species and treatments. The maximum photosynthetic 
rate of dogwood was obtained with seedlings preconditioned 
at 10 percent of full sunlight and at a soil moisture level 
near field capacity. The maximum photosynthetic rate of 
eastern white pine was obtained with seedlings preconditioned 
at 62 percent of full sunlight and at a soil moisture level 
varying between near wilting and field capacity. The maximum 
rates of photosynthesis of dogwood and eastern white pine 
were not significantly different. However, the former attained 
maximum photosynthesis at 3,000 fc, the latter at 5,000 fc. 
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The effect of light intensities on the photosynthetic 
rates of the two species, preconditioned at two light in­
tensity and two soil moisture levels, are shown in figures 
68 through 75* Least residuals fit and standard errors of 
estimate of the curves of all species are shown in the Ap­
pendix. 
The third objective of the photosynthesis tests was to 
determine the compensation point, defined as the point at 
which photosynthesis equals respiration, for three conifer­
ous and two hardwood species grown at optimum light and soil 
moisture levels. The compensation point of each species was 
determined as the point where the linear regression line of 
GOg absorption over light intensity crossed the abscissa. 
The apparent compensation points of each species were as 
follows: 
1. European larch - 115 fc 
2. Norway spruce - 131 fc 
3. Dogwood - 178 fc 
il-. Eastern white pine - 196 fc 
5. Hazel - 522 fc 
With the exception of European larch, the compensation points 
conform to the tolerance classification established by forest­
ers. With an increase in compensation point, there is a 
decrease in tolerance. The greater efficiency of the species 
with the lower compensation points accounts in part for their 
being more tolerant. 
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Figure 68. Effect of light intensity on the photosynthetic 
rate of dogwood at two soil moisture levels and 
at 10 percent of full sunlight, surface area 
basis. 
Figure 69. Effect of light intensity on the photosynthetic 
rate of dogwood at two soil moisture levels and 
at 10 percent of full sunlight, green weight 
basis. 
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Figure 70. 
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LIGHT INTENSITY - 1000 FOOT CANDLES 
Effect of light intensity on the photosynthetic 
rate of dogwood at two soil moisture levels and 
at 62 percent of full sunlight, surface area 
basis. 
Figure 71. Effect of light intensity on the photosynthetic 
rate of dogwood at two soil moisture levels and 
at 62 percent of full sunlight, green weighs 
basis. 
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Figure 72. Effect of light intensity on the photosynthetic 
rate of eastern white pine at two soil moisture 
levels and at 10 percent of full sunlight, 
surface area basis. 
Figure 73» Effect of light intensity on the photosynthetic 
rate of eastern white pine at two soil moisture 
levels and at 10 percent of full sunlight, 
green weight basis. 
188 
8 -
i 1 1— i 1 r 
A 0.14 to 1.05" available moisture 
X " 0.68 to 1.05" available moisture 
—A— Individual tests - 0.14 to 1.05" 
—X— Individual tests - 0.68 to 1.05" 
6 -
- 4  JL ± ± ± ± 0 1  2 3 4 5 6 7 8 9  































—I 1 1 1 1 1 r 
-T&—0.14 to 1.05" available moisture 
X 0.68 to 1.05" available moisture 
—A— Individual tests - 0.14 to 1.05" 
—X— Individual tests - 0.68 to 1.05 
-4 _L _L ± _L ± ± ± _L 
0 12 3 4 
LIGHT INTENSITY 
5 6 7 8 9 10 
- 1000 FOOT CANDLES 
Figure 71*.. Effect of light intensity on the photosynthetic 
rate of eastern white pine at two soil moisture 
levels and at 62 percent of full sunlight, 
surface area basis. 
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Figure 7£>. Effect of light intensity on the photosynthetic 
rate of eastern white pine at two soil moisture 
levels and at 62 percent of full sunlight, 
green weight basis. 
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A plot of the linear regression lines of COg absorption 
over light intensity, in which the compensation point is 
indicated, are shown in figures 76 through 80. Linear equa­
tions, correlation coefficients and average temperatures at 
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Figure 76. Compensation point of European larch determined 
by the light intensity at which the rate of 
respiration equals the rate of photosynthesis, 
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Figure 77. Compensation point of Norway spruce determined 
by the light intensity at which the rate of 
respiration equals the rate of photosynthesis, 
surface area basis. 
Figure 78. Compensation point of dogwood determined by 
the light intensity at which the rate of 
respiration equals the rate of photosynthesis, 
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LIGHT INTENSITY-100 FOOT CANDLES 
Figure 79. Compensation point of eastern white pine 
determined by the light intensity at which 
the rate of respiration equals the rate of 
photosynthesis, surface area basis. 
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LIGHT INTENSITY-IOO FOOT CANDLES 
Figure 80. Compensation point of hazel determined by the 
light intensity at which the rate of respiration 
equals the rate of photosynthesis, surface area 
basis. 
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DISCUSSION AMD SUMMARY 
The present study was designed to aid in the analysis 
of seedling establishment problems common to all stand con­
version programs. Because of the high cost of brush removal 
and of underplanting, and the delay in financial return in 
all young plantation investments, an attempt has been made 
to determine the minimum treatment needed to insure success­
ful survival and growth. The relative importance of light 
and soil moisture, two commonly limiting factors in seedling 
establishment, was emphasized as a part of the study. Five 
coniferous species of varying tolerance to shade were used 
for underplanting. The selection of conifers over native 
hardwoods was based on several considerations: 
1. Increased production of merchantable timber per 
acre of 300 to lj.00 percent* 
2. More frequent harvest of intermediate products 
throughout the rotation. 
3. Greater midsummer resistance to growth hormone 
silvicides and herbicides commonly used in 
stand conversion programs. 
All studies related to densities of unders t ory-over st ory 
canopies and to intensities of understory treatment, indi­
cated the need for a drastic cutting of both the understory 
and the overstory. Survival was increased by burning of the 
understory, beating with a brush beater or by basal spraying 
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(table 2), but was still low. Height and diameter growth of 
seedlings at the Br ay ton Forest was markedly less than that 
on the cultivated plots at the State Forest Nursery where 
optimum conditions of soil moisture and light were maintained 
(table 29). A marked reduction in survival was noted from 
the first to the second growing season at the Brayton Forest 
(tables 3 and 10). This reduction was probably due in part 
to insufficient release from understory competition, but much 
of it was undoubtedly due to overstory shading. The average 
light intensity of 700 fc, measured under the overstory 
canopy on a clear day at noon, was far less than the approxi­
mately 3,500 fc required for light saturation in the con­
trolled tests at the State Nursery (figures i+9 and 50). Com­
plete removal of the overstory and understory at the Brayton 
Forest effected a marked increase in survival, height and 
diameter growth (tables llj., IS and 17). However, the re­
sultant release of herbaceous cover inhibited maximum develop­
ment, and resulted in soil moisture levels on cleared plots 
that were not significantly different from those subjected 
to less intense cutting (figure 30). The relatively high 
fertility of the Fayette silt loam precludes an immediate 
cutting of all understory and overstory competition unless 
some technique is used to prevent the profuse growth of the 
herbaceous cover. Hawley and Smith (1954) suggest a gradual 
cutting over a two-year period, which would be sufficiently 
intensive to insure seedling establishment and yet provide 
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Table 29» One-year height and diameter growth of seedlings 
at the Brayton Forest as compared to that on the 
plots at the State Forest Nursery where optimum 
conditions of soil moisture and light were main­
tained 
Specie s 
Height growth - inches 
Experimental Norway Eastern European 
area spruce white pine larch Mean 
Br ay ton Forest 1.8 2.6 2.6 
State Nursery 3.6 5*2 13.5 8.8 
Diameter growth - inches 
Br ay ton Forest .02 .02 .03 .02 
State Nursery .10 .10 .17 .12 
enough shade and soil moisture competition to hold the 
herbaceous cover in check. The author suggests, in addition, 
a thorough investigation of herbicides which could be used 
during the critical May-July growth period to reduce weed 
growth. 
Seedling damage by rabbits, deer and mice must be given 
primary consideration in all stand conversion programs. 
Animal damage was extremely severe on those plots which had 
a dense shrub and/or herbaceous undergrowth. The damage de­
creased with an increase in the removal of understory shrubs 
and weeds; thus the removal of understory shrubs and 
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herbaceous vegetation would be a desirable adjunct to the 
use of repellents and poisons. 
Recommendations regarding the need for control of 
competition have been based primarily on the results of ap­
plied experiments. A more fundamental evaluation of the 
specific light and soil moisture requirements of underplanted 
seedlings was attempted in other studies at the Brayton 
Forest and at the State Forest Nursery. Survival of all 
species except Norway spruce increased with treatments that 
increased the light intensity from 33 to 71 percent of full 
sunlight at the Brayton Forest (figure 25)• Height growth 
of all species and diameter growth of all species except 
Norway spruce increased with light intensity from 18 to 71 
percent of full sunlight (figures 36 and 38). Maximum 
height and diameter growth of all species except European 
larch was attained at approximately 3,500 fc at the State 
Forest Nursery (figures J+9 and 57). 
The apparent discrepancy between results from the 
Brayton Forest and the State Nursery can probably be at­
tributed to differences in soil moisture and fertility 
levels. The intensity of 71 percent of full sunlight at the 
Brayton Forest was actually equivalent to 5,381 fc, or 
nearly 2,000 fc more than the optimum light intensity in the 
Nursery experiments. It is assumed that the greater release 
cutting necessary to give 71 percent of full light at the 
Forest resulted in less competition for water and minerals. 
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Table 30. One-year height and diameter growth of seedlings 
grown on plots receiving an average of 71 percent 
of full sunlight at the Brayton Forest as com­
pared to that on the plots at the State Forest 
Nursery where optimum conditions of soil moisture 
and light were maintained 
Species 
Height growth - inches 
Experimental Norway Eastern European 
area spruce white pine larch Mean 
Brayton Forest 2.6 4-5 7.2 4.8 
State Nursery 3.6 5.2 13.5 8.8 
Diameter growth - inches 
Brayton Forest .02 .06 .07 .05 
State Nursery .10 .10 .17 .12 
The differences in rates of seedling height and diameter 
growth at the Brayton Forest and at the State Nursery suggest 
the need for an even more intensive treatment of the com­
peting vegetation than the maximum used in the Forest (table 
30). The differences, although in part a result of side 
shade from the overstory of adjacent plots, are primarily 
a result of competition from sprouting shrubs and herbaceous 
vegetation. Once again, the necessity of compromising be­
tween complete removal of competing vegetation and partial 
removal to minimize sprouting and weed growth is evident. 
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If no compromise is made, chemicals specific for sprouts 
and weeds during the critical May-July growth period must 
be used. 
The rate of growth in the Nursery experiments of all 
species except European larch was far more rapid with an in­
crease in light from 484 to 3,UB6 fc than from 3,486 to 7,125 
fc. Although additional growth was evident at the higher 
light levels, light saturation was probably reached at ap­
proximately 3,500 fc (figure 39). The increased response of 
all species except Norway spruce to higher moisture levels 
at all light intensities (figure 40) suggests an interde­
pendent relationship between soil moisture and light as they 
affect seedling establishment and growth. Even though in­
creased survival, height and diameter growth, and green 
weight of growth result from increased light intensities, 
maximum growth responses are attained in the forest where 
competition for both light and soil moisture are reduced. 
Korstian and Bilan (1957) substantiated these findings in 
studies conducted with loblolly pine in North Carolina. 
Maximum development of the seedlings used in underplanting 
at the Brayton Forest should be reached if all understory 
and overstory competing vegetation is removed as rapidly as 
is consistent with the problems of excessive herbaceous 
growth and sprouting. 
The marked increase in green weight of root growth with 
an increase of light from 484 to 3,486 fc (table 20) is 
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significant in terms of the greater root absorbing surface 
of the seedlings grown at the higher light intensity. The 
greater development at the lower moisture level of seedlings 
under 3,486 and 7,125 fc of light, as compared to that under 
484 fc, is closely related to the 178 percent increase in 
root weight (table 19). The resultant increase in water 
and nutrient absorption insured greater survival and plant 
growth. Kozlowskl ( 1949), Kramer and Decker (1944)» and 
Costing and Kramer (1946) attributed the reduction in lob­
lolly pine mortality of open grown seedlings to the increased 
root ramification resulting from higher light intensities, 
rather than to more favorable soil moisture conditions. 
Shirley (1929a, 1929b) obtained increased dry matter in tops, 
root-shoot ratios, density of growth, stem strength and leaf 
thickness with increasing light intensity for all species 
studied. These are characters generally associated with 
hardiness and drought resistance (Loomis 1953), 
Tests set up to determine the effect of light and soil 
moisture on the photosynthetic rates of three coniferous and 
two hardwood species substantiated the findings with regard 
to survival, height and diameter growth, and green weight of 
growth. Photosynthesis of all species increased with light 
intensity until a maximum rate was reached at approximately 
2,500 to 3,000 fc (figures 58 through 67). This light 
saturation level for photosynthesis would have been met in 
the Brayton Forest plots by cutting to obtain approximately 
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35 percent of full light. The fact that light at 71 percent 
was significantly better than 33 percent in the Forest indi­
cates that factors other than light for photosynthesis were 
concerned. 
Beyond approximately 3,000 fc the rate of photosynthesis 
of all species decreased at variable rates with an increase 
in light intensity up to 10,000 fc. Kramer (1957) suggested 
that two possible causes of the inhibition of photosynthesis 
were an accumulation of the products of photosynthesis and 
differences in leaf structure. Photosynthesis of all species 
preconditioned at 10 percent of full sunlight was generally 
higher than that of those preconditioned at 62 percent. Dif­
ferences were thought to be primarily the result of carbo­
hydrate accumulation in the leaves* However, the growth of 
new leaves after preconditioning resulted in the formation 
of some sun or shade leaves and thus confounded structure 
with carbohydrate accumulation. Subsequent studies should be 
made which would separate the factors of leaf structure «nd 
carbohydrate accumulation. Bormann (1956) has suggested that 
fundamental variations in the anatomy of sun and shade leaves 
account for the difference in photosynthetic behavior. 
Tranquillini (1954) found the compensation point of several 
shade-grown seedlings to be much lower than that for sun-
grown plants of the same species. In light of the results 
of the present investigation and those of Bormann and Tran­
quillini, the use of shade-grown nursery stock should be 
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considered in underplanting procedures. A compromise would 
be necessary to prevent sacrificing of vigor, stockiness and 
potential winter hardiness, however. 
The marked increase in the photosynthetic rate of all 
species with increase in light intensity up to approximately 
3,000 fc suggests possibilities of increasing the drought 
survival of seedlings. Increased photosynthesis at the 
higher light level leads to an accumulation of sugars during 
a dry period when growth is reduced. A shift to root growth 
under these conditions results in a relatively greater root 
system than in plants growing at lower light intensities 
(Loomis 1953). 
The recommendation of species for an underplanting pro­
gram depends an the use to be made of the trees. Quality 
and quantity production should always be considered in terms 
of the specific products to be manufactured from the timber. 
The choice of species from this study can be determined only 
on the basis of quantity, because of the criteria chosen to 
measure success or failure. 
In terms of survival, height and diameter growth, green 
weight of growth, and photosynthesis, the author's recom­
mendation concerning the five species of conifers for under-
planting would be in the following order: 
1. European larch 
2. Eastern white pine 
3* Scotch pine 
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ij.. Red pine 
5. Norway spruce 
Of the five species listed, European larch and eastern white 
pine are the only species that would be recommended without 
major qualification. 
The survival of European larch was poor on plots where 
light intensity was low (table 3). However, the extremely 
rapid growth with decreased competition insured growth domi­
nance of European larch in all areas studied. Height and 
diameter growth of European larch was essentially matched by 
Scotch pine only. The low survival of the latter in all 
areas, however, does not recommend its use in a stand con­
version program without further experimentation. Green 
weight of growth of European larch increased linearly with 
an increase in light up to 7,125 fc (figure 39)# This was 
in distinct contrast to the curvilinearity of the growth 
curves of all other species, which reached near maximum 
growth at approximately 3,500 fc. Increase in height and 
diameter growth was also linear up to 7,125 fc. The rate 
of photosynthesis of European larch surpassed that of all 
other conifers at all light intensities. If European larch 
were used in a stand conversion program, it would be neces­
sary to use a very intensive release cutting to insure maxi­
mum survival, photosynthesis and growth. 
If a less intensive release program were desired, 
eastern white pine should be well adapted. Total yield in 
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a short period would not compare with European larch grown 
in a completely released area. However, the variability 
in photosynthesis and growth response with changes in compe­
tition is far less for white pine than for larch (figures 
39, 49, 67). In general, response to release of the in­
tolerant European larch was considerably greater than that 
of eastern white pine, intermediate in tolerance. 
Growth and photosynthetic rates of hazel and dogwood 
are sufficiently high to cause serious competition for all 
the coniferous species studied (figures 39, 49» 57, 59). 
The high potential rate of photosynthesis and rapid growth 
of hazel indicates an efficient competitor for all under-
planted conifers, especially in areas where release is high 
but the elimination of hazel incomplete. The greater toler­
ance of dogwood, indicated by a low compensation point, en­
ables its survival in an improperly released underplanting 
of conifers, and thus increases its potential as a competi­
tor. 
The compensation points of the two hardwoods and two of 
the conifers fit the tolerance classification nicely (figures 
77 through 80). The greater the tolerance, the lower the 
compensation point. European larch did not fit this concept 
in that it was the most efficient (lowest compensation point) 
yet is classed as the most intolerant of the five species. 
The variability in compensation point with OOg content of 
the air, temperature, moisture and inherent capacity of the 
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species must be recognized prior to making any general state­
ments regarding species efficiency and tolerance. It is of 
interest to note that the tolerant Norway spruce, with the 
second lowest compensation point, gave the lowest survival, 
rate of growth, and rate of photosynthesis in underplanting 
tests. The use of the compensation point as an indicator of 
plant efficiency does not always insure successful seedling 
establishment and survival. 
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CONCLUSIONS 
An evaluation of the results of this stand conversion 
study leads to the following conclusions: 
1. An intensive cutting of the understory and overstory 
canopies is needed for maximum survival and growth 
of underplanted forest tree seedlings on the more 
fertile Iowa soils, as exemplified in the Brayton 
Forest. 
2. A gradual two-year release of understory-overstory 
canopies and/or the use of herbicides during the 
critical May-July growth period will probably be 
necessary to prevent extreme conipetition from a re­
leased shrubby and herbaceous cover. 
3. A reduction of understory cover, in addition to re­
duced competition, will help to minimize rodent and 
deer damage to the underplanted seedlings. 
4. Light saturation values, based on photosynthesis 
and growth studies, ranged from 2,500 to 3,500 fc 
for all species except European larch. Differences 
in growth at light intensities higher than these 
indicate that factors other than light for photo­
synthesis are concerned. 
$• Drought survival of forest tree seedlings was in­
creased with an increase in light intensity up to 
approximately 3,000 fc. Increased photosynthesis 
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at the higher light level leads to an accumulation 
of sugars during a dry period when growth is reduced. 
These sugars result in better root growth and 
greater drought hardiness than is possible in more 
shaded plants. 
European larch and eastern white pine are the only 
species that are recommended for underplanting at 
this time. If the stand conversion program is based 
on a very intensive release cutting, European larch 
should be used because of its extremely rapid rate 
of growth. If a less intensive program is used, 
eastern white pine should be chosen because of its 
greater adaptability to shade and root competition. 
Growth and photosynthetic rates of hazel and dogwood 
are sufficiently high to cause serious competition 
for all the coniferous seedlings studied. 
The photosynthetic compensation point can be used as 
an indicator of the tolerance and efficiency of some 
species. The apparent compensation points of dog­
wood, hazel, Norway spruce and eastern white pine 
fit the concept of tolerance nicely. 
Tolerance is a result of the adaptability of a 
species to competition for light, soil moisture and 
nutrients. It may be used as an indicator of plant 
efficiency in terms of survival, but not generally 
in terms of maximum growth. 
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APPENDIX 
Table 31. Soil profile description of the Fayette silt loam at the Brayton 
Forest, profile 1 
Soil horizon 
property A1 A2 A3 B1 B21 B22 B3 °1 
Thickness - 7i-l3 13-16 16-23 23-29 29-37 37-51 51-72 
inches 
Textural class6silt silt silt light silty silty light silt 
loam loam loam silty clay clay silty loam 
clay loam loam clay 
loam loam 
Wilting: per- 6.0 5.2 5.4 8.9 ll.ll- 10.5 10.2 9.2 
centage" 
Bulk density® 1.03 1.18 1.25 l.ij2 1.28 1.32 1.37 1.38 
Pore space 61 55 52 I46 55 50 l\8 47 
percentage 
Micropore 82 8%. 81*. 92 91 88 92 92 
percentage* 
^Determined by the Bouyoucos hydrometer method, 
b Determined with a pressure membrane apparatus. 
^Determined with a Bradfield core sampler. 
^Determined with a soil moisture tension plate. 
Table 31 (Continued) 
Soil horizon 
property A1 A2 A3 B1 B21 B22 B3 °1 
Macropore , 18 
percentage 
16 16 8 9 12 8 8 
Soil fertility® 
Soil pH 5.0 5.5 5.5 5.5 5.5 5.4 5.3 5.6 
Buffer pH 6.1 6.6 6.6 6.5 6.1*. 6.4 6.5 6.6 
Initial less 































Available P- 7.0 
#/A 
I4-.0 6.0 13.0 21}.. 0 38.0 35.0 25.0 
Available K-100 
#/A 
92 152 20k 232 232 22k 22k 
All soil fertility determinations made at the Iowa State College Soil Testing 
laboratory. 




Qualitative Aj - dark gray brown 
Ag - brown 
Aj - light yellowish brown with coatings of pale brown on the peds 
B^ - yellowish brown with prominent coatings of very pale brown 
Bp,- yellowish brown with coatings of very pale brown and some 
specks of very dark gray brown 
Bpp- yellowish brown with coatings of very pale brown and some 
specks of very dark gray brown 
Bj - yellowish brown mottled with pale brown and brown 
Cj - yellowish brown with flecks of light yellowish brown and pale 
brown (low contrast mottling s of yellowish brown) 
S 
Quantitative Ax - 10 YR lj/2 
A2 - 10 YR 5/3 
A^  - 10 YR 6/I4. with coatings of 10 YR 6/3 on the peds 
Taken from a Munsell color chart. 
Table 31 (Continued) 
Soil 
property 
- 10 YR 5/4 with prominent coatings of 10 YR 7/3 
B _ _ -  10 YR 5/4 with coatings of 10 YR 7/3 and some specks of 
10 YR 3/2 
Bgg- 10 YR 5/4 with coatings of 10 YR 7/3 and some specks of 
10 YR 3/2 
Bj - 10 YR 5/4 mottled with 10 YR 5/6, 10 YR 6/3 and 7.5 YR 5/4 
C, - 10 YR 5/4 with flecks of some 10 YR 6/4, 10 YR 5/6 and 
10 YR 6/3 (low contrast mottlings of 10 YR 5/4) 
Consistence - very friable 
Ag - very friable 
Aj - very friable 
B^ - slightly plastic 
B21- slightly plastic 
B22~ sliShtly plastic 
Bj - slightly plastic 
C^ - very friable 
Table 31 (Continued) 
Soil 
property 
A1 - moderately developed 
A2 " weakly developed 
A3 " moderately developed 
B1 " well developed 
=21- very well developed 
B22* moderately developed 
B3 " weakly developed 
°1 " weakly developed 
A l "  medium 
A2 " fine 
A3 " medium 
B1 - medium 
B21- medium 
B22" moderately coarse 
B3 * moderate to coarse 
Table 31 (Continued) 
Soil 
property 
C^ - coarse 
Type - crumb 
Ag - platy 




Bj - blocky 
- blocky 
Table 32. Soil profile description of the Payette silt loam at the Brayton 
































































^Determined by the Bouyoucos hydrometer method. 
^Determined with a pressure membrane apparatus. 
^Determined with a Bradfield core sampler. 
Table 32 (Continued) 
Soil horizon 
Soil 
property A1 A2 A3 B1 B21 B22 B3 °1 
Micropore . 
percentage 
83 83 89 90 92 91 90 94 
Macropore , 
percentage 
17 16 11 10 8 9 10 6 
Soil fertility® 
Soil pH 5.8 5.3 5.5 5.5 5.7 5.6 5.8 5.6 

































1.0 8.0 2.0 5.0 14.0 19.0 24.0 24.0 
Available 120 
K-#/A 
84 140 232 284 304 296 284 
Determined with a soil moisture tension plate. 
e All soil fertility determinations made at the Iowa State College Soil Testing 
Laboratory. 




Qualitative - very dark gray brown 
Ag - dark yellowish brown 
A^ - yellowish brown 
B, - crushed color dark yellowish brown; thin coatings on ped 
surface of light yellowish brown; some castings of dark yel­
lowish brown 
B«i" crushed color dark yellowish brown; faint coatings of pale 
brown on surface of ped 
Bpp- crushed color dark yellowish brown; faint coatings of pale 1 
brown on surface of ped 
Bo - crushed color yellowish brown; pale brown coatings on ped 
surface; very dark gray brown is 5# of soil mass; slight 
mottling of yellowish brown; irregular staining on ped 
surface of black 
C, - crushed color yellowish brown (65$); light yellowish brown 
x (20%)i brown (15#) 
f Taken from a Munsell color chart. 
Table 32 (Continued) 
Soil 
property 
Quantitative Ax " 10 ^  3/2 
A2 - 10 YR I4/I4. 
A3 - 10 YR 5/4 
B, - crushed color 10 YR 4/4# thin coatings on ped surface of 
10 YR 6/I4.; some castings of 10 YR 3/4 
Bp,- crushed color 10 YR 4/4# faint coatings of 10 YR 6/3 on 
surface of ped 
Bpp- crushed color 10 YR 4/4# faint coatings of 10 YR 6/3 on 
surface of ped 
Bo - crushed color 10 YR 5/4» 10 YR 6/3 coatings on ped surface ; 
10 YR 3/2 5$ of soil mass; slight mottling of 10 YR 5/6; 
Irregular staining on ped surface of 7*5 YR 5/4 
C1 - crushed color 10 YR 5/6 (65$) 10 YR 6/4 (20$) 7.5 YR 4/4 
Consistence A^ - very friable 
Ag - very friable 
Aj - very friable 
B^ - friable 





Bj - friable 
- friable to very friable 
Structure-Grade - moderately well developed 
Ag - weakly developed 
Aj - weakly developed 
B^ - moderately well developed 
Bg^- well developed 
Bgg- moderately well developed 
Bj - moderately developed 
C^ - weakly developed 
Class A^ - medium 
Ag - fine 
A3 - fine 
<s 
v> 
Table 32 (Continued) 
Soil 
property 
B1 - medium 
B21- medium 
B22" slightly coarser 





Ai * crumb 
*2 _ platy 
A3 " blocky 
B1 " nuciform 
=21- nuciform 
B22~ nuolform than 
B3 " blocky 
°1 " blocky to massive 
•F-
Table 33• Soil profile description of the Fayette silt loam at the Brayton 
Forest, profile 3 
Soil horizon 
Soil 
property Ai a2 a3 Bi b21 b22 b3 °1 
Thickness-
inche s 


























6 . 1  4.6 5 . 3  8 . 9  8.4 8 . 7  8 . 8  9.4 
Bulk density0 1.31 1.44 1.44 1.58 1.53 1.50 1.35 1.30 
Pore space 
percentage 
51 46 46 40 42 43 49 51 
Micropore , 
percentage 
86 84 85 92 91 90 88 88 
Macropore , 
percentage 
14 16 15 8 9 10 12 12 
Determined by the Bouyoueos hydrometer method. 
'Determined with a pressure membrane apparatus. 
'Determined with a Bradfield core sampler. 
^Determined with a soil moisture tension plate. 
Table 33 (Continued) 
Soil horizon 
Soil . 
property 1 a2 a3 B1 B21 B22 B3 ci 
Soil fertility® 
Soil pH 5.0 5.4 5.4 5.3 5.4 5.2 5-4 5.7 
Buffer pH 6.2 6.6 6.6 6.6 6.5 6.4 6.5 6.6 
Initial less 































1.0 1.5 3.0 13.0 18.0 26.0 18.0 
Aval lab le 220 
K-#/A 
146 160 200 220 224 242 200 
Color 
Qualitative A^ - very dark gray brown to dark gray brown 
Ag - brown 
All soil fertility determinations made at the Iowa State College Soil Testing 
Laboratory. 
•p 
Taken from a Munsell color chart. 
Table 33 (Continued) 
Soil 
property 
Aj - brown to dark brown to dark yellowish brown 
- brown to dark brown 
Bp,- crushed color dark brown to brown with some coatings of light 
ye llowish brown 
B22- crushed color dark brown to brown with some coatings of light 
yellowish brown 
Bo - crushed color yellowish brown with flecks of very dark gray 
brown; surface of peds stained with dark yellowish brown; 
coatings of pale brown on peds 
C, - crushed color yellowish brown mottled with light yellowish 
brown, yellowish brown, and strong brown 
Quantitative - 10 YR 3/2 to 10 YR k/2  
ag - 10 yr 5/3 
A3 - 7.5 YR ItA to 10 YR k/k 
Bx - 7.5 YR V4 
®21~ crushed color 7.5 YR V4 to 5/4 with some coatings of 10 YR 6/4 
B22~ crushed color 7.5 YR V4 to 5/4 with some coatings of 10 YR 6/4 
Table 33 (Continued) 
Soil 
property 
Bn - crushed color 10 YR 5/6 with flecks of 10 YR 3/2; surface of 
peds stained with 10 YR lj/lj.; coatings of 10 YR 6/3 on peds 
C, - crushed color 10 YR 5/1+ mottled with 10 YR 6/IL, 10 YR 5/6 and 
1 7.5 YR 5/6 
A1 - very friable 
A2 " very friable 
A3 - friable 
B1 " slightly plastic 
B21" moderately plastic 
B22~ moderately plastic 
B3 - friable to slightly plastic 
°1 - very friable 
Structure -Grade A^ ** moderately well developed 
Ag - weakly developed 
Aj - weakly to moderately developed 
B^ - moderately well developed 
Table 33 (Continued) 
Soil 
property 
B21- well developed 
B22~ wel1 developed 
Bj - moderately well developed 
C^ - weakly developed 
Class - fine to medium 
Ag - fine 





C^ - very coarse 
Type Aj - crumb 
Ag - platy 
- nuciform 
Table 33 (Continued) 
Soil 
property 
B1 - nuciform 
=21- nuciform 
B22" slightly coarser aggregate 
®3 " nuciform 
°1" blocky 
t 
Table 31].. Soil profile description of the O'Neill sandy loam at the State Forest 
Nursery, profile 1 
Soil horizon 
Soil property B- B, B-













































^Determined by the Bouyoucos hydrometer method. 
^Determined with a pressure membrane apparatus. 
^Determined with a Bradfield core sampler. 
^Soil profile was saturated with water; surface of soil was covered with a 
plastic bag; excess water was allowed to drain for 24 hours; duplicate samples were, 
collected from each horizon; and gravimetric determinations were made. 
Table 34 (Continued) 
Soil horizon 
Soil property ^p A3 B1 B2 B3 




Q 20 1+ 24 14 
Soil fertility^ 
Soil pH 6.2 5.8 5.9 6.05 6.3 
Buffer pH 6.55 6.4 6.5 6.6 6.65 
Initial 
nitrate-#/A 18 6 3 3 3 
Nitrifiable 105 12 less less less 
nitrogen-#/A than 1 than 1 than 1 
Available P-#/A 10.0 4-0 1.0 1.0 0.5 
Available K-#/A 200 144 160 148 180 
^Determined with a soil moisture tension plate. 
f 
All soil fertility determinations made at the Iowa State College Soil Testing 
Laboratory. 
Table 31+ (Continued) 
Soil property 
Colors-Qualitative - very dark gray brown 
An - crushed color dark brown; uncrushed color very dark 
* brown 
B, - crushed color brown to dark brown; uncrushed color very 
dark brown 
B„ - crushed color dark brown; uncrushed color very dark gray 
brown 
B^ - lighter and browner in basic color 
D - shades of yellowish and grayish brown quite mottled 
Quantitative A^  - 10 YR 3/2 
A^ - crushed color 10 YR 3/3; uncrushed color 10 YR 2/3  
B^ - crushed color 10 YR k/2;  uncrushed color 10 YR 2/3  
Bg - crushed color 10 YR 3/3; uncrushed color 10 YR 3/2 
B^ - lighter and browner in basic color 
D - various shades of yellowish and grayish brown, quite 
mottled 
®Taken from a Munsell color chart. 
Table 31+ (Continued) 
Soil property 
Consistence S - very friable 
A3 - friable 
B1 - slightly plastic 
B2 - moderately plastic 
b3 - moderately plastic 
Structure-Grade 
- weakly developed 
A3 - moderately well developed 
B1 - moderately well developed 
B2 - moderately well developed 






B2 - coarse 
- B3 - coarse 
Table 34 (Continued) 
Soil property 
Type Ap - granular 
Aj - granular 
- granular 
Bg - granular to fine nuciform 
B^ - granular to fine nuciform 
D - massive 
Table 35* Soil profile description 01 the O'Neill sandy loam at the State Pdrest 
Nursery, profile 2 
Soil horizon 
Soil property Ap A3 B1 B2 B3 D 
Thickrie s s- inche s 0-9§ 9§-13^  13^ -17 17-21^  2l|-26 26+ 
Textural class sandy sandy heavy clay clay very 
loam loam loam loam loam gravelly 
loamy 
Wilting percentage^ 11.0 13.8 10.1 11.0 9.6 
Bulk density0 1.28 1.33 1.24 1.34 
Field capacity* 22.7 23.3 23.3 22.4 21.1 
sand 
^Determined by the Bouyoucos hydrometer method. 
b Determined with a pressure membrane apparatus. 
^Determined with a Bradfield core sampler. 
Soil profile was saturated with water; surface of soil was covered with a 
plastic bag; excess water was allowed to drain for 24 hours; duplicate samples were, 
collected from each horizon; and gravimetric determinations were made. 
Table 35 (Continued) 
Soil property A-
Soil horizon 
B. B, B, 








Soil pH 5.8 
Buffer pH 6.1}. 































Determined with a soil moisture tension plate. 
£ • All soil fertility determinations made at the Iowa State College Soil Testing 
Laboratory. 
Tablé 35 (Continued) 
Soil horizon 
Soil property A3 B1 B2 B3 ? 
Available P-#/A 10.0 7.0 0.5 1.0 2.0 
» 
Available K-#/A I8I4. l80 216 212 188 
Color-Qualitative® Ap - very dark gray brown 
A-i - crushed color dark brown; imcrushed color very dark 
brown 
B, - crushed color dark brown; une rushed color very dark 
brown 
Bp - crushed color dark brown; imcrushed color very dark 
brown 
Bj - lighter in basic color than B^ (browner) 
D - various shades of yellowish and grayish brown; quite 
mottled 
®Taken from a Munsell color chart. 
Table 35 (Continued) 
Soil property 
Quantitative A - 10 YR 3/2 
" • 
Aj - crushed color 10 YR ij/3j uncrushed color 10 YR 3/2 
B1 - crushed color 10 YR l\/3i uncrushed color 10 YÇ 3/2 
- crushed color 10 YR 3/3 ; uncrushed color 10 YR' 3/2 
B^ - lighter in basic, color than Bg (browner) 
D - various shades of yellowish and grayish brown; .quite 
mottled 
Consistence 
S - very friable 
A3 - friable 
° B1 - slightly plastic 
B2 - slightly plastic 
B3 - slightly plastic 
Structure-Grade - weakly developed 
A3 - moderately well developed 
B1 - moderately well developed 




=2 - moderately well 
B3 
- moderately well 
S 
- fine 
a3 - medium 
B1 - fine 
B2 - medium 
B3 - medium 
4 
- granular 
a3 - nuciform 
B1 - nuciform 
=2 - nuciform 












































*Flrst figure indicates years in nursery seedbed. 
Second figure indicates years in nursery transplant bed. 
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Table 37. Description of 
studies at the 
the species used in the controlled 









2-0 8 State Forest 
Nursery 














Dogwood Seed - - Unknown 










First figure indicates years in nursery seedbed. 
Second figure indicates years in nursery transplant bed. 
Hardwoods started from seed with the exception of hazel in 
1957. 
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Table 38. Description of the species used in the photo­























1-0 6 State Forest 
Nursery 
Ame s, Iowa 
Unknown 
Dogwood Seed - - State Nursery 
Ames, Iowa 




^?irst figure indicates years in nursery seedbed. 
Second figure indicates years in nursery transplant bed. 
Hardwoods started from seed. 
Table 39» Needle surface area-green weight and surface area-dry weight ratios of 
the coniferous seedlings used in the photosynthesis tests 
Preconditioning Ratios 
treatment Soil moisture Surface area- Surface area-
Species percentage of full light level green weight dry weight 
European 10 High 7. 7676 23.3561 
larch 62 High 18. 2000 25.8156 
Eastern 10 Low 10. 7661 26.5878 
white pine High 15. 91+71 20.0739 
62 Low 11. 2707 23.0314 
High 16. 6536 27.8043 
Norway 10 ! High 7. 1970 33.3333 
spruce 62 High ' -• 19. 7807 43.3654 
•> e 
Table 1+0. Least residuals fit and standard errors of estimate for photosynthesis 
curves related to the first objective " 
freeonditionlng 
treatment-
' a* Standard 
percentage of Sum of residuals No. of error of 
Species Basis full light + observations estimate 
European Weight . 62 i.7o 0.80 15 .2689 
larch 10 1+.38 7.17 16 .8396 
Surface 62 2.02 2.1+8 15 .5824 
area 10 9.61 13.1+7 16 1.8804 
Eastern Weight 62 5.69 4.51+ 16 .9083 
white pine 10 3.33 6.30 16 .8159 
Surface 62 0.91+ 2.95 12 .5282 
area 10 3.89 :^34 16 .8758 
Norway Weight 62 1+.17 ,3.32 15 .6861 
spruce 10 1.63 2,77 13 • 4705 
Surface 62 2.95 3:10 11+ .601+8 
area 10 6.05 8.37 13 1.3875 
Dogwood Weight 62 5.75 5.25 12 1.2339 
10 28.59 - .. 22.99 11+ 5.0799 
Surface 62 7.28 7.91 12 1.7757 
area 10 ; 16.27 20.31 13 3.9273 
Hazel Weight 62 W5 7.11+ 16 1.4345 
10 ,7.62 5.6l 14 1.8369 
Surface 62 7.58 4.96 14 1.1132 
area 10 6.03 5.26 14 1.2220 
Table 41* Least residuals fit and standard errors of estimate for photosynthesis 















Eastern 62 Weight Low 22.50 34.60 16 4.3612 
white High 3.45 5.35 16 .7658 
pine Surface Low 32.24 39.36 16 5.5480 
area High 3.26 6.66 16 .8944 
Eastern 10 Weight Low 2.58 1.97 16 .4551 
white High 5.13 5.29 16 1.1164 
pine Surface Low 2.95 4.95 16 .7559 
area High 7.76 4.19 16 1.0576 
Dogwood 62 Weight Low 3.49 4*80 12 .8521 
High 3.99 4.37 16 .6907 
Surface Low 3.56 7.28 12 I.1442 
area High 7.28 5.28 16 1.0590 
Dogwood 10 Weight Low 13.55 12.80 16 2.0449 
High 20.90 26.35 15 4.1533 
Surface Low 14.57 12.10 16 2.2931 
area High 17.35 19.31 15 3.3300 
